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In these Lectures I have sought to render clear a 
difficult but profoundly interesting subject. My aim 
has been not only to describe and illustrate in a 
familiar manner the principal laws and phenomena 
of light, but to point out the origin, and show the 
application, of the theoretic conceptions which under- 
lie and unite the whole, and without which no real 
interpretation is possible. 

The Lectures, as stated on the title-page, were 
delivered in the United States in 1872-3. I still 
retain a vivid and grateful remembrance of the 
cordiality with which they were received. 

My scope and object are briefly indicated. ivi^-^hfe 
* Summary and Conclusion,' whioh^ -a& /reci)mmended 
in a former edition, miffht be, not^^fiwljireid as an 
introduction to the volume. " "' " - 

•J -'U • J. . 



Axp Lusgen: 

October 1885. 



J ^ J 



•'■--• * 



• * to » to 

• to * » to. 



to to 
to to 
toto 

to 

to 



»>* 4,1, 



• •to to 



- - "to t „ 

to • V to to k 

to to " w • 

• to to .. ^, i, ■ 



• ♦> to to 

to 

to to 

to 

•■ •# 



to to • 

toto to 



to to 

toto.. * 

to to to V "- 

k to to w t 

i . *■ * to 

»• " tot 



CONTENTS. 



LECTUBE I. 

PAGE 

Introductory — Uses of Experiment — Early Scientific Notions — 
Sciences of Observation — Knowledge of the Ancients re- 
garding Light — Defects of the Eye — Our Instruments — 
Rectilineal Propagation of Light — Law of Incidence and 
Beflection — Sterility of the Middle Ages— Befraction — Dis- 
covery of Snell — Partial and Total Beflection — Velocity 
of Light — Boemer, Bradley, Foucault, and Fizeau — Principle 
of Least Action — Descartes and the Bainbow — ^Newton's Ex- 
periments on the Composition of Solar Light — His Mistake 
regarding Achromatism — Synthesis of White Light — Yellow 
and Blue Lights produce White by their Mixture — Colours 
of Natural Bodies — ^Absorption — Mixture of Pigments con- 
trasted with Mixture of Lights 1 

LECTUBE XL 

Origin of Physical Theories — Scope of the Imagination — Newton 
and the Emission Theory — Verification of Physical Theories 
— The Luminif erous Ether — Wave-theory of Light — Thomas 
Young — Fresnel and Arago — Conception of Wave-motion — 
Interference of Waves — Constitution of Sound-waves — 
Analogies of Sound and Light — Illustrations of Wave-motion 
— Interference of Sound Waves — Optical Illustrations — Pitch 
and Colour — Lengths of the Waves of Light and Bates of 
Vibration of the Ether-particles — Interference of Light — 
Phenomena which first suggested the Undulatory Theory- 
Boyle and Hooke — The Colours of thin Plates — The So^^- 



Vlll CONTENTS. 

bubble -Newton's Rings— Theory of * Fits ' — Its Explanation 
of the Rings — Overthrow of the Theory — Diffraction of 
liiglit —Colours produced by Diflfraction — Colours of Mother- 
of-Poarl 41 

LECTURE III. 

lU'liition of Tlieorios to Experience — Origin of the Notion of the 
Alt mot Ion of Univitation — Notion of Polarity, how generated 
— Atomic Polarity Structural Arrangements due to Polarity 
Architecture of Crystals considered as an Introduction to 
thrir Action upon Light— Notion of Atomic Polarity applied 
to OryHtallino Structure — Experimental Illustrations — Crys- 
talliiuition of Wntor — Expansion by Heat and by Cold — De- 
|K)rtituMit of Wat4»r considered and explained — Bearings of 
OryNtjilHwition on Optical Phenomena — Refraction — Double 
Hofnvctlon Polarization — Action of Tourmaline — Character 
of tho HraniM onuTgent froTu Iceland Spar — Polarization by 
onllnary Uofmotion and Reflection — Depolarization . . 91 

LECTURE IV. 

(/hromatic Phenomena produced by Crystals in Polarized Light 
Tho Niool Prism - Polarizer and Analyzer — Action of Thick 
and Thin Plates of Selenite- Colours dependent on Thick- 
noHH RoBolutlon of Polarized Beam into two others by the 
Holonlto One of them more retarded than the other — Re- 
compound Ing of the two Systems of Waves by the Analyzer 
Iiitorforcnco thus rendered possible — Consequent Produc- 
tion of C/olours — Action of Bodies mechanically strained or 
prcMHod Action of Sonorous Vibrations —Action of Glass 
Htraliu'd or pressed by Heat —Circular Polarization — Chro- 
matic Phenomena produced by Quartz — The Magnetization 
of Llj^fht -Rings surrounding the Axes of Crystals — Biaxal 
and Unlaxal Crystals — Orasp of the Undulatory Theory — 
The Oolotir and Polarization of Sky-light — Generation of 
Artificial Skies . . • 121 

LECTURE' V. 

Ilange of Vision not commensurate with Range of Radiation - 
Thcj Ult ra-vlolot Rays— Fluorescence — The rendering of invi- 
sible Rays visible — Vision not the only Sense appealed to by 
the Solar and Electric Beam — Heat of Beam — Combustion 
bjr Total Beam at the Foci of Mirrors and Lenses —Combustion 



CONTENTS. ix 

I'AOK 

through Ice-lens — Ignition of Diamond — Search for the 
Rays here effective — Sir William Herschers Discovery of dark 
Solar Rays — Invisible Rays the Basis of the Visible — De- 
tachment by a Ray-filter of the Invisible Rays from the 
Visible — Combustion at Dark Foci — Conversion of Heat-rays 
into Light -rays — Calorescence — Part played in Nature by 
Dark Rays — Identity of Light and Radiant Heat — Invisible 
Images — Reflection, Refraction, Plane Polarization, Depo- 
larization, Circular Polarization, Double Refraction, and 
Magnetization of Radiant Heat 159 

LECTURE VL 

Principles of Spectrum Analysis — Prismatic Analysis of the 
Light of Incandescent Vapours — Discontinuous Spectra — 
Spectrum Bands proved by Bunsen and Kirchhoff to be cha- 
racteristic of the Vapour — Discovery of Rubidium, Caesium, 
and Thallium — Relation of Emission to Absorption — The 
Lines of Fraunhofer — Their Explanation by Kirchhoff — 
Solar Chemistry involved in this Explanation — Foucault's 
Experiment — Principles of Absorption — Analogy of Sound 
and Light — Experimental Demonstration of this Analogy — 
Recent Applications of the Spectroscope — Summary and 
Conclusion 189 

APPENDIX. 

On the Spectra of Polarized Light . . ... 227 
Measurement of the Waves of Light 234 

Index .237 



ILLUSTRATION. 
Thomas Young Frontiipieee 



ON LIGHT. 



LECTURE I. 

INTRODUCTOBY — USES OF EXPERISIENT — EARLY SCIENTIFIC NOTIONS — 
SCIENCES OF OBSERVATION — KNOWLEDGE OF THE ANCIENTS REGARDINO 
LIGHT — DEFECTS OF THE EYE — OUR INSTRUMENTS — RECTILINEAL 
PROPAGATION OF LIGHT — LAW OF INCIDENCE AND REFLECTION — 
STERILITY OF THE MIDDLE AGES — REFRACTION — DISCOVERY OF SNELL 
— PARTIAL AND TOTAL REFLECTION — VELOCITY OF LIGHT — R(EMER, 
BRADLEY, FOUCAULT, AND FIZEAU — PRINCIPLE OF LEAST ACTION — 
DESCARTES AND THE RAINBOW — NEWTON'S EXPERIMENTS ON THE 
COMPOSITION OF SOLAR LIGHT — HIS MISTAKE AS REGARDS ACHROMAT- 
ISM — SYNTHESIS OF WHITE LIGHT — YELLOW AND BLUE LIGHTS 
PRODUCE WHITE BY THEIR MIXTURE— COLOURS OF NATURAL BODIES 
— ABSORPTION — MIXTURE OF PIGMENTS CONTRASTED WITH MIXTURE 
OF LIGHTS. 

§ 1. Introduction. 

SOME twelve years ago I published, in England, 
a little book entitled the * Glaciers of the Alps,' 
and, a couple of years subsequently, a second book, en- 
titled * Heat a Mode of Motion.' These volumes were 
followed by others, written with equal plainness, and 
with a similar aim, that aim being to develop and deepen 
sympathy between science and the world outside of 
science. I agreed with thoughtful men ^ who deemed 
it good for neither world to be isolated from the other, 

• Among whom may be especially mentioned the lat« Sye ^i^Toxssi^ 
Head, Bart,, with whom I bad many conversations on. t\i\a svjJd.\^«X.. 
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or unsympathetic towards the other, and, to lessen this 
isolation, at least in one department of science, I 
swerved, for a time, from those original researches which 
have been the real pursuit and pleasure of my life. 

The works here referred to were, for the most part, 
republished by the Messrs. Appleton of New York,^ 
under the auspices of a man who is untiring in his 
eflForts to diflfuse sound scientific knowledge among the 
people of the United States; whose energy, ability, 
and single-mindedness, in the prosecution of an arduous 
task, have won for him the sympathy and support of 
many of us in ' the old country.' I allude to Pro- 
fessor Youmans. Quite as rapidly as in England, the 
aim of these works was understood and appreciated 
in the United States, and they brought me from this 
side of the Atlantic innumerable evidences of good- 
will. Year after year invitations reached me * to visit 
America, and last year (1871) I was honoured with a 
request so cordial, signed by five-and-twenty names, so 
distinguished in science, in literature, and in adminis- 
trative position, that I at once resolved to respond to 
it by braving not only the disquieting oscillations 
of the Atlantic, but the far more disquieting ordeal of 
appearing in person before the people of the United 
States. 

This invitation, conveyed to me by my accom- 
plished friend Professor Lesley, of Philadelphia, and 
preceded by a letter of the same purport from your 
scientific Nestor, the celebrated Joseph Henry, of 

' At whose hands it gives me pleasure to state I have always 
experienced honourable and liberal treatment. 

2 One of the earliest of these came from Mr. John Amory Lowell 
of Boston, 
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Washington, desired that I should lecture in some of 
the principal cities of the Union. This I agreed to 
do, though much in the dark as to a suitable subject. 
In answer to my inquiries, however, I was given to 
understand that a course of lectures, showing the uses 
of experiment in the cultivation of Natural Knowledge, 
would materially promote scientific education in this 
country. And though such lectures involved the selec- 
tion of weighty and delicate instruments, and their 
transfer from place to place, I determined to meet the 
wishes of my friends, as far as the time and means at 
my disposal would allow. 



§ 2. Subject of the Course. Source of Light 

employed* 

Experiments have two great uses — a use in dis- 
covery, and a use in tuition. They were long ago 
defined as the investigator's language addressed to 
Nature, to which she sends intelligible replies. These 
replies, however, usually reach the questioner in 
whispers too feeble for the public ear. But after the 
investigator comes the teacher, whose function it is 
so to exalt and modify the experiments of his prede^ 
cessor, as to render them fit for public presentation. 
This secondary function I shall endeavour, in the 
present instance, to fulfil. 

Taking a single department of natural philosophy 
as my subject, I propose, by means of it, to illustrate 
the growth of scientific knowledge under the guidance 
of experiment. I wish, in the first place, to make you 
acquainted with certain elementary phenomena ; then. 
to point out to you how the theoretical ^T\\ic\^fe^ \y3 



4 ON LIGHT. LECT. 

which phenomena are explained take root in the 
human mind, and finally to apply these principles to 
the whole body of knowledge covered by the lectures. 
The science of optics lends itself particularly well to 
this mode of treatment, and on it, therefore, I propose 
to draw for the materials of the present course. It 
will be best to begin with the few simple facts regard- 
ing light which were known to the ancients, and to 
pass from them, in historic gradation, to the more 
abstruse discoveries of modem times. 

All our notions of Nature, however exalted or how- 
ever grotesque, have their foundation in experience. 
The notion of personal volition in Nature had this 
basis. In the fury and the serenity of natural pheno- 
mena the savage saw the transcriiit of his own varying 
moods, and he accordingly ascribed these phenomena 
to beings of like passions with himself, but vastly 
transcending him in power. Tlius the notion of 
causality — the assumption that natural things did not 
come of themselves, but had unseen antecedents — lay 
at., the root of even the savage's inter^iretation of 
Nature. Out of this bias of the human mind to seek 
for the causes of j)henomena all science has sprung. 

We will not now go back to man's first intellectual 
gropings; much less shall we enter upon the thorny 
discussion as fx) how the groping man arose. We will 
take him at that stage of his development, when he 
became possesued of the apparatus of thought and the 
power of using it. For a time — and that historically a 
long one — he was limited to mere observation, accept- 
ing what Nature offered, and confining intellectual 
action to it alone. The api)arent motions of sun and 
iftoTR first drew towards them ttve c\\ie«t\oning8 of the 
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intellect, and accordingly astronomy was the first 
science developed. Slowly, and with diflBculty, the 
notion of natural forces took root in the human mind. 
Slowly, and with diflBiculty, the science of mechanics 
had to grow out of this notion ; and slowly at last 
came the full application of mechanical principles to 
the motions of the heavenly bodies. We trace the 
progress of astronomy through Hipparchus and Ptolemy ; 
and, after a long halt, through Copernicus, Galileo, 
Tycho Brahe, and Kepler ; while from the high table- 
land of thought occupied by these men, Newton shoots 
upwards like a peak, overlooking all others from his 
dominant elevation. 

But other objects than the motions of the stars at- 
tracted the attention of the ancient world. Light was 
a familiar phenomenon, and from the earliest times we 
find men's minds busy with the attempt to render some 
account of it. But without experiment^ which belongs 
to a later stage of scientific development, little progress 
could be here made. The ancients, accordingly, were 
Ear less successful in dealing with light than in dealing 
with solar and stellar motions. Still they did make 
some progress. They satisfied themselves that light 
moved in straight lines ; they knew also that light was 
reflected from polished surfaces, and that the angle of 
incidence was equal to the angle of reflection. These 
two results of ancient scientific curiosity constitute the 
starting-point of our present course of lectures. 

But in the first place it will be useful to say a few 
words regarding the source of light to be employed in 
our experiments. The rusting of iron is, to all intents 
and purposes, the slow burning of iron. l\i dies^Qf^ 
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heat, and, if the heat be preserved, a high temperature 
may be thus attained. The destruction of the first 
Atlantic cable was probably due to heat developed in 
this way. Other metals are still more combustible 
than iron. You may ignite strips of zinc in a candle 
flame, and cause them to bum almost like strips of 
paper. But we must now expand our definition of 
combustion, and include under this term, not only com- 
bustion in air, but also combustion in liquids. Water, 
for example, contains a store of oxygen, which may 
xmite with, and consume, a metal immersed in it ; it is 
from this kind of combustion that we are to derive the 
heat and light employed in our present course. 

The generation of this light and of this heat merits 
a moment's attention. Before you is an instrument 
— a small voltaic battery — in which zinc is immersed 
in a suitable liquid. An attractive force is at this 
moment exerted between the metal and the oxygen 
of the liquid ; actual combination, however, being in 
the first instance avoided. Uniting the two ends of 
the battery by a thick wire, the attraction is satisfied, 
the oxygen unites with the metal, zinc is consumed, 
and heat, as usual, is the result of the combustion. A 
power which, for want of a better name, we call an 
electric current, passes at the same time through the 
wire. 

Cutting the thick wire in two, let the severed ends 
be united by a thin one. It glows with a white heat. 
"Whence comes that heat ? The question is well worthy 
of an answer. Suppose in the first instance, when the 
thick wire is employed, that we permit the action to 
continue until 100 grains of zinc are consumed, the 
amount of heat generated in the battery would be 



table of accurate QamerLcal expressioD, Let the 

1 then coatinue, with the thin wire glowing, until 

) grains of zinc are consumed. Will the amount of 

jat generated in the battery be the same as before -•' 

; it will be leas by the precise amount generated in 

3 thin wire outside the battery. In fact, by adding 

! internal heat to the eitemal, we obtain for the 

oabustion of 100 grains of zinc a total which never 

We have here a beautiful example of that law 

f eonatancy as regards natural energies, the establish- 




ment of whicii i.- tlji' y■|■lat^^r .luliicvcmi- 
Bcienee. By this arraiif^eiiient. then, we are able to 
bum our zinc at one place, and to exhibit the effectis 
of itH combustion at another. In New York, for ex- 
ample, we may have our grate and fuel ; but the heat 
and light of our fire may be made to appear at San 
FranciBCo. 

Hemoving the thin wire and attaching to the severed 

rnds of the thick one two rods of coke we obtain, or 

ing the rods together fas in fig. 1), a small stai il-I 
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light. Now, the light to be employed in our lectures 
is a simple exaggeration of this star. Instead of being 
produced by ten cells, it is produced by fifty. Placed 
in a suitable camera, provided with a suitable lens, 
this powerful source will give us all the light necessary 
for our experiments. 

And here, in passing, I am reminded of the common 
delusion that the works of Nature, the human eye in- 
cluded, are theoretically perfect. The eye has grown 
for ages towards perfection ; but ages of perfecting 
may be still before it. Looking at the dazzling light 
from our large battery, I see a luminous globe, but en- 
tirely fail to see the shape of the coke-points whence 
the light issues. The cause may be thus made clear : 
On the screen before you is projected an image of the 
carbon points, the whole of the glass lens in front of the 
camera being employed to form the image. It is not 
sharp, but surrounded by a halo which nearly obliterates 
the carbons. This arises from an imperfection of the 
glass lens, called its spherical aberration^ which is due to 
the fact that the circumferential and central rays have 
not the same focus. The human eye labours under a 
similar defect, and from this, and other causes, it arises 
that when the naked light from fifty cells is looked at 
the blur of light upon the retina is sufficient to destroy 
the definition of the retinal image of the carbons. A 
long list of indictments might indeed be brought against 
the eye — its opacity, its want of symmetry, its lack of . 
achromatism, its partial blindness. All these taken 
together caused Helmholt to say that, if any optician 
sent him an instrument so defective, he would be 
justified in sending it back with the severest censure. 
JBut the eye is not to be judged from the standpoint 
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of theory. It is not perfect, but is on its way to per- 
fection. As a practical instrument, and taking the 
adjustments by which its defects are neutrahzed into 
account, it must ever remain a marvel to the reflecting 
mind. 



§ 3. Rectilineal Propagation of Light. Elementary 
Experiments. Law of Reflection. 

The ancients were aware of the rectilineal pro- 
pagation of light. They knew that an opaque body, 
placed between the eye and a point of light, intercepted 
the light of the point. Possibly the terms ' ray ' and 
* beam ' may have been suggested by those straight 
spokes of light which, in certain states of the atmo- 
sphere, dart from the sun at his rising and his setting. 
The rectilineal propagation of light may be illustrated 
by permitting the solar light to enter, through a small 
aperture in a window-shutter, a dark room in which 
a little smoke has been diffused. In pure air you 
cannot see the beam, but in smoky air you can, because 
the light, which passes unseen through the air, is scat- 
tered and revealed by the smoke particles, among which 
the beam pursues a straight course. 

The following instructive experiment depends on the 
rectilineal propagation of light. Make a small hole in 
a closed window-shutter, before which stands a house 
or a tree, and place within the darkened room a white 
screen at some distance from the orifice. Every straight 
ray proceeding from the house, or tree, stamps its colour 
upon the screen, and the sum of all the rays will, there- 
fore, be an image of the object. But, as the rays cross 
^ach other at the orifice, the image is inverted* a£ 
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present we may illustrate and expand the subject thus : 
In front of our camera is a large opening (L, fig, 2), 
from which the lens has been removed, and which is 
closed at present by a. sheet of tin-foil. Pricking 
means of a common sewing-needle a small ai>ertiire la 
the tin-foil, an inverted image of the carbon-point* 
BtartB forth upon the screen, A dozen apertures will 
give a dozen images, a hundred a hundred, a thousaod. 
a thousand. But, as the apertures come closer to each 
other, that is to say, as the tin-foil between ttft 




apertures vanishes, the images overlap more and more 
Eemoving the tin-foil altogether, the screen beeotm 
uniformly illuminated. Hence the light upon tfc 
screen may be regarded as the overlapping of innumer 
able images of the carbon-points. In like manner th 
light upon every white wall, on a cloudless day, may 
regarded as produced by the superposition of itinumei 
able images of the sun. 

The law that the angle of incidence is equal to 
angle of reflection has a bearing upon theory, to 
subsequently mentioned, which renders its simpl 
illustration here desirable. A straight lath (pointingt 
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the figure 5 on the are in fig. 3) is fixed as an index 
perpendicular to a small looking-glass (M), capable of 
irotation. We begin by receiving a beam of light upon 
the glass which is reflected back along the line of its 
incidence. The index being then turned, the mirror 
turns with it, and at each side of the index the inci- 
dent and the reflected beams (L o, o R) track themselves 
through the dust of the room. The mere inspection 
of the two angles enclosed between the index and the 

Fig. 3. 





two beams suffices to show their equality ; while if 
the graduated arc be consulted, the arc firom 5 to m is 
found accurately equal to the arc from 5 to n. The 
complete expression of the law of reflection is, not only 
that the angles of incidence and reflection are equal, 
but that the incident and reflected rays always lie in 
a plane perpendicular to the reflecting surface. ^^/ 
This simple apparatus enables us to illustrate an- 
other law of great practical importance, namely, that 
when a mirror rotates, the angular velocity of a b^^ss\ 
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reflected from it is twice that of the reflecting mirror. 
A simple experiment will make this plain. The arc (m 
71, fig. 3) before you is divided into ten equal parts, and 
when the incident beam and the index cross the zero of 
the graduation, both the incident and reflected beams 
are horizontal. Moving the index of the mirror to 1, 
the reflected beam cuts the arc at 2 ; moving the index 
to 2, the arc is cut at 4 ; moving the index to 3, the arc 
is cut at 6 ; moving the index at 4, the arc is cut at 8 j 
finally, moving the index to 5, the arc is cut at 10 (as 
in the figure). In every case the reflected beam moves 
through twice the angle passed over by the mirror. 

One of the principal problems of science is to help 
the senses of man, by carrying them into regions which 
could never be attained without that help. Thus we 
arm the eye with the telescope when we want to sound 
the depths of space, and with the microscope when we 
want to explore motion and structure in their infinitesi- 
mal dimensions. Now, this law of angular reflection, 
-coupled with the fact that a beam of light possesses no 
weight, gives us the means of magnifying small motions 
to an extraordinary degree. Thus, by attaching mirrors 
to his suspended magnets, and by watching the images 
of divided scales reflected from the mirrors, the cele- 
brated Gauss was able to detect the slightest thrill of 
Variation on the part of the earth's magnetic force. 
By a similar arrangement the feeble attractions and 
repulsions of the diamagnetic force have been made 
manifest. The minute elongation of a bar of metal, 
by the mere warmth of the hand, may be so magnified 
by this method, as to cause the index-beam to move 
through 20 or 30 feet. The lengthening of a bar of 
iron when it is magnetized may be also thus demon- 
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strated. Helmholtz long ago employed this method 
of rendering evident to his students the classical ex- 
periments of Du Bois Raymond on animal electricity ; 
while in Sir William Thomson's reflecting galvano- 
meter the principle receives one of its latest and most 
important applications. 

§ 4. The Refraction of Light. Total Reflection. 

For more than a thousand years no step was taken 
in optics beyond this law of reflection. The men of 
the Middle Ages, in fact, endeavoured, on the one hand, 
to develop the laws of the universe a priori out of 
their own consciousness, while many of them were so 
occupied with the concerns of a future world that they 
looked with a lofty scorn on all things pertaining to 
this one. Speaking of the natural philosophers of his 
time, Eusebius says, *It is not through ignorance of the 
things admired by them, but through contempt of their 
useless labour, that we think little of these matters, 
turning our souls to the exercise of better things.' So 
also Lactantius — ' To search for the causes of things ; 
to inquire whether the sun be as large as he seems ; 
whether the moon is convex or concave ; whether the 
stars are fixed in the sky, or float freely in the air; 
of what size and of what material are the heavens ; 
whether they be at rest or in motion ; what is the mag- 
nitude of the earth ; on what foundations is it suspended 
or balanced; — to dispute and conjecture upon such 
matters is just as if we chose to discuss what we think 
of a city in a remote country, of which we never heard 
but the name.' 

As regards the refraction t)f light, tke cowx^^ ^i 
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n-.'il iiKjuiry was resinned in ll(X) by an AraHttl^.- 
I>liil(»s<)]ilier named Alhazen. Then it was taken up in 
Micccssion by Koger Bacon, Vitellio, and Kepler. Om 
of the most imjK)rtant occu^jations of science is the 
determination, by precise measurements, of the quffl* 
titative relations of ]ihenomena; the \'alne of 5' 
measurements (le])cnding greatly upon the skill 
eons<'ii*nf iousness of tlie man who makes them. Vitdlio 
appears 1o have be<ai both skilful and conscientioiu, 
while Ke|)l(;r*rt habit was to rummage through the 
«>l)HiTVjitions of his ]»redecessor8, to look at them in aD 
liglits, and thus distil from them the principles whidi 
united tliem. He liad done this with the astronomical 
measurements of Tyclio Hmhe, and had extracted from 
1 hi'tn tb<; e<*lebnited * laws of Kepler/ He did it also 
with Vitellio's measurements of refraction. But in 
this ease Ije was not successful. The principle, though 
ii Him])le one, (^scapcHl him, and it was first discovered 
by Wilhibrord Snell, about the year 1621. 

Less with the view of dwelling upon the phenome- 
non itself than of intrmlucing it in a form which vifl 
render subsr^juently intelligible to you the play of 
llie.on^tie t-hon^Hit in Newton's mind, the fact of rejfrac- 
tJo!i may b(» lien; (h^monst rated. I will not do this by 
drawing tlie course of the beam with chalk on a black. 
l)oard, but, by causing it to mark its own white track 
h(;fore you. A shallow circular vessel (RIG-, fig. 4), 
half filhid with water, rendered slightly turbid by the 
iulmixtnre of a little milk, or the precipitation of a 
little mastic, is placed with its glass front vertical. 
l^y nuians of a small plane reflector (M), and through 
a slit (I) in the hoop surrounding the vessel, a beam 
of light iff admitted in an>/ YeA\\\\TGd direction. It 
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LDges Upon the water (at 0), enters it, and tracks 
Wlf through the liquid in a sharp bright band (C) G). 
auwhile the beam passes unseen through the air 
wve the water, for the air is not competent to scatter 
e light. A puff of smoke into this space at once re- 
als the track of the incident-beam. If the incidence 
1 vertical, the beam is unrefracted. If oblique, its 
faction at the common surface of air and water (at 



I rendered clearly visible. It is also seen that " 
otion (along OR) accompanies refraction, the beam 
iding itself at the point of incidence Into a refracted / 
1 a reflected portion.' '•^ 

I The law by which Snell connected together all the 
isurements executed up to his time, is this: Let 
J C D (fig. 5) represent the onthne of our circular 
ksel, A C being the water-Kne. When the beam is 
pdent along B E, which is perpendicular to A C, 
pe is no refraction. When it is incident along m E, 
i refraction : it is bent at E and strikes the 

B It will be subsequently shown how thi^ simple apparatus may be 
d to deteTTnlne the 'polariiiing angle' o! a,'&^\u<\. 
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circin af 7^. When it is incident along m' E there is 
nlflo rcjfnic-tion at E, the beam striking the point n'. 
From f ho ouds of the two incident beams, let the per- 
jiondicnhirH 7/1 o, 7/1' o' be drawn upon B D, and firom the 
(»ii(1h of tli(» refracted beams let the perpendicnlars 
jf 7/, '// 7// 1h» also drawn. Measure the lengths of w 
and of p Hy and divide the one by the other. Yon 
obtain a c(^rtain (juotient. In like manner divide m' 0' 
by (b(» correHponding perpendicular jp' 71' ; you obtain 

Fig. 6. 




precisely the same quotient. Snell, in fact, found this 
quotient to bo a constant quantity for each particular 
substance, though it varied in amount from one sub- 
stance to fmotlier. He called the quotient the index 
of rpfraction. 

In all cases where the light is inci3ent from air 
upon the surface of a solid or a liquid, or, to speak more 
generally, when the incidence is from a less highly 
refracting to a more highly refracting medium, the 
reflection is partial. In this case the most powerfully 
reflecting substances either transmit or absorb a portion 
of the incident light. At a perpendicular incidence 
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water reflects only 18 rays out of every 1,000 ; glass 
reflects only 25 rays, while mercury reflects 666 
When the rays strike the surface obliquely the reflec- 
tion is augmented. At an incidence of 40°, for ex- 
ample, water reflects 22 rays, at 60° it reflects 65 rays, 
at 80° 333 rays; while at an incidence of 89^°, where 
the light almost grazes the surface, it reflects 721 rays 
out of every 1,000. Thus, as the obliquity increases, 
the reflection from water approaches, and finally quite 
overtakes, the perpendicular reflection from mercury ; 
but at no incidence, however great, when the incidence 
. is from air, is the reflection from water, mercury, or 
any other substance, total. 

Still, total reflection may occur, and with a view to 
understanding its subsequent application in the Nicol's 
prism, it is necessary to state when it occurs. This 
leads me to the enunciation of a principle which under- 
lies all optical phenomena — the principle of reversi- 
bility.^ In the case of refraction, for instance, when 
the ray passes obliquely from air into water, it is bent 
towards the perpendicular ; when it passes from water 
to air, it is hent from the perpendicular, and accurately 
reverses its course. Thus in fig. 5, if m e 7i be the 
track of a ray in passing from air into water, n E m 
will be its track in passing from water into air. Let 
us push this principle to its consequences. Supposing 
the light, instead of being incident along m E or m' E, 
were incident as close as possible along c E (fig. 6) ; 
suppose, in other words, that it just grazes the surface 
before entering the water. After refraction it will 

1 From this principle Sir John Herschel deduces in a simple and 
elegant manner the fmidamental law of reflection. — See FamUianr 
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pursue say the course E v!'. Conversely, if the light 
start from 9i", and be incident at E, it will, on escaping 
into the air, just graze the surface of the water. The 
question now arises, what will occur supposing the ray 
from the water to follow the course v!" e, which lies 
beyond ti" e? The answer is, it will not quit the 




water at all, but will be totally reflected (along e x\ At 
the under surface of the water, moreover, the law is just 
the same as at its upper surface, the angle of incidence 
(d e n'"^ being equal to the angle of reflection (d e «). 
Total reflection may be thus simply illustrated :— 
Place a shilling in a drinking-glass, and tilt the glass 
so that the light from the shilling shall fall with the 
necessary obliquity upon the water surface above it 
Look upwards through the water towards that surface, 
and you see the image of the shilling shining there as 
brightly as the shilling itself. Thrust the closed end of 
an empty test-tube into water, and incline the tube. 
When the inclination is suflBcient, horizontal light till- 
ing upon the tube cannot enter the air within it, but is 
totally reflected upward : when looked down upon, such 
a, tube looks quite as bright as burnished silver. Pour a 
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little water into the tube ; as the liquid rises, total re- '^ 
flection is abolished, and with it the lustre, leaving a 
gradually diminishing shining zone, which disappears 
wholly when the level of the water within the tube 
reaches that without it. Any glass tube, with its end 
stopped water-tight, will produce this effect, which is 
both beautiful and instructive. 

Total reflection never occurs except in the attempted 
passage of a ray from a more refracting to a less re- 
fracting medium ; but in this case, when the obliquity 
is sufficient, it always occurs. The mirage of the desert, 
and other phantasmal appearances in the atmosphere, 
are in part due to it. When, for example, the sun 
heats an expanse of sand, the layer of air in contact 
with the sand becomes lighter and less refracting than 
the air above it : consequently, the rays from a distant 
object, striking very obliquely on the surface of the 
heated stratum, are sometimes totally reflected upwards, 
thus producing images similar to those produced by 
water. I have seen the image of a rock called Mont 
Tombeline distinctly reflected from the heated air of the 
strand of Normandy near Avranches ; and by such de- 
lusive appearances the thirsty soldiers of the French 
army in Egypt were greatly tantalised. 

The angle which marks the limit beyond which total 
reflection takes place is called the liTniting angle (it is 
marked in fig. 6 by the strong line E n^^). It must evi- 
dently diminish as the refractive index increases. For 
water it is 48^"*, for flint glass 38° 41', and for diamond 
23° 42\ Thus all the light incident from two complete 
quadrants, or 180°, in the case of diamond, is con- 
densed into an angular space of 47° 22' (twice 23° 42') 
by refraction. Coupled with its great lei'Wue^A.oTi^ ^x^ 
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the great dispersive and great reflective powers of dia- 
mond ; hence the extraordinary radiance of the gem, 
both as regards white light and prismatic light, 

K 

§ 5. Velocity of Light, Aberration. Principle 

of least Action. 

In 1676 a great impulse was given to optics by 
astronomy. In that year Olav Eoemer, a learned Dane, 
was engaged at the Observatory of Paris in observing 
the eclipses of Jupiter's moons. The planet, whose 
distance from the sun is 475,693,000 miles, has four 
satellites. We are now only concerned with the one 
nearest to the planet. Eoemer watched this moon, saw 
it move round the planet, plunge into Jupiter's shadow, 
behaving like a lamp suddenly extinguished : then at 
the other edge of the shadow he saw it reappear, like a 
lamp suddenly lighted. The moon thus acted the part 
of a signal light to the astronomer, and enabled him to 
tell exactly its time of revolution. The period between 
two successive lightings up of the lunar lamp he found 
to be 42 hours, 28 minutes, and 35 seconds. 

This measurement of time was so accurate, that 
having determined the moment when the moon emerged 
from the shadow, the moment of its hundredth appear- 
ance could also be determined. In fact, it would be 100 
times 42 hours, 28 minutes, 35 seconds, after the first 
observation. 

Roemer's first observation was made when the earth 
was in the part of its orbit nearest Jupiter. About 
six months afterwards, the earth being then at the 
opposite side of its orbit, when the Uttle moon ought 
to have made its hundredth appearance, it was found 
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unpunctual, being folly 15 minutes behind its calcu- 
lated time. Its appearance, moreover, had been grow- 
ing gradually later, as the earth retreated towards the 
part of its orbit most distant from Jupiter. Boemer 
reasoned thus: *Had I been able to remain at the 
other side of the earth's orbit, the moon might have 
appeared always at the proper instant; an observer 
placed there would probably have seen the moon 16 
minutes ago, the retardation in my case being due to 
the fact that the light requires 15 minutes to travel 
from the place where my first observation was made to 
my present position.' 

This flash of genius was immediately succeeded by 
another. * If this surmise be correct,' Eoemer reasoned, 
* then as I approach Jupiter along the other side of the 
earth's orbit, the retardation ought to become gradu- 
ally less, and when I reach the place of my first obser- 
vation, there ought to be no retardation at all.' He 
found this to be the case, and thus not only proved 
that light required time to pass through space, but also 
determined its rate of propagation. 

The velocity of light, as determined by Ecemer, is 
192,500 miles in a second. 

For a time, however, the observations and reasonings 
of Boemer failed to produce conviction. They were 
doubted by Gassini, Fontenelle, and Hooke. Subse- 
quently came the imexpected corroboration of Boemer by 
the English astronomer, Bradley, who noticed that the 
fixed stars did not really appear to be fixed, but that they 
describe little orbits in the heavens every year. The 
result perplexed him, but Bradley had a mind open to 
suggestion, and capable of seeing, in the smallest fact, 
a picture of the largest. He was one day u^oi^ tk^ 
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Thames in a boat, and noticed that as long as his 
<K)ur8e remained unchanged, the vane upon his mast- 
head showed the wind to be blowing constantly in the 
«ame direction, but that the wind appeared to vary with 
every change in the direction of his boat. * Here,' as 
Whewell says, ' was the image of his case. The boat 
was the earth, moving in its orbit, and the wind was 
the light of a star.' 

We may ask, in passing, what, without the fstculty 
-which formed the ^ image,' would Bradley's wind and 
vane have been to him ? A wind and vane, and nothing 
more. You will immediately understand the meaning 
of Bradley's discovery. Imagine yourself in a motion- 
less railway-train, with a shower of rain descending 
vertically downwards. The moment the train begins 
to move, the rain-drops begin to slant, and the quicks 
the motion of the train the greater is the obliquity. In 
a precisely similar manner the rays from a star, verti- 
cally overhead, are caused to slant by the motion of the 
earth through space. Knowing the speed of the train, 
and tlie obliquity of the falling rain, the velocity of 
the drops may be calculated ; and knowing the speed 
of the earth in her orbit, and the obliquity of the rays 
due to this cause, we can calculate just as easily the 
velocity of light. Bradley did this, and the * aberra- 
tion of light,' as his discovery is called, enabled him 
to assign to it a velocity almost identical with that 
deduced by Koemer from a totally diflferent method 
of observation. Subsequently Fizeau, and quite recently 
Comu, employing not planetary or stellar distances, but 
fiimply the breadth of the city of Paris, determined the 
velocity of light : while Foucault — a man of the rarest 
mechanical genius — solved the problem without quitting 
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his private room. Owing to an error in the determi- 
nation of the earth's distance from the sun, the velocity 
assigned to light by both Eoemer and Bradley is too 
great. With a close approximation to accuracy it may 
be regarded as 186,000 miles a second. 

By Eoemer's discovery, the notion entertained by 
Descartes, and espoused by Hooke, that light is pro- 
pagated instantly through space, was overthrown. But 
the establishment of its motion through stellar space 
led te speculations regarding its velocity in transparent 
terrestrial substances. The * index of refraction ' of a 
ray passing from air inte water is *. Newton assumed 
these nimibers to mean that the velocity of light in 
water being 4, its velocity in air is 3 ; and he deduced 
the phenomena of refraction from this assumption. 
JHLliyghens took the opposite and truer view. According 
Jbo this great man, the velocity of light in water being 
3, its velocity in air is 4 ; but both in Newton's time 
and ours the same great principle determined, and 
determines, the course of Kght in all cases. In passing 
frrom point to point, whatever be the media in its path, 
or however it may be refracted or reflected, light takes 
the course which occupies least time. Thus in iig. 4, 
taking its velocity in air and in water into account, the 
light reaches Gr from I more rapidly by travelling first 
to 0, and there changing its course, than if it proceeded 
straight from I to Gr. This is readily comprehended, 
because, in the latter case, it would pursue a greater 
distance through the water, which is the more retarding 
medium. 
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§ 6. Descartes* Explanation of the Rainbow. 

SnelFs law of refraction is one of the corner-stones of 
optical science, and its applications to-day are million- 
fold. Immediately after its discovery Descartes applied 
it to the explanation of the rainbow. A beam of solar 
light falling obliquely upon a rain-drop is refracted on 
entering the drop. It is in part reflected at the back 
of the drop, and on emerging it is again refracted. By 
these two refi^ujtions, and this single reflection, the 
light is sent to the eye of an observer facing the drop, 
and with his back to the sun. 

Conceive a line drawn from the sun, through the back 
of his head, to the observer's eye and prolonged beyond it. 
Conceive a second line drawn from the shower to the 
eye, and enclosing an angle of 42 J° with the line drawn 
from the sun. Along this second line a rain-drop when 
struck by a sunbeam will send red light to the eye. 
Every other drop similarly situated, that is, every drop 
at an angular distance of 42^** from the line through 
the sun and eye, will do the same. A circular band of 
red light is thus formed, which may be regarded as the 
boundary of the base of a cone, with its apex at the ob- 
server's eye. Because of the magnitude of the sun, the 
angular width of this red band will be half a degree. 

From the eye of the observer conceive another line 
to be drawn, enclosing an angle, not of 42^**, but of 
40^°, with the prolongation of the line drawn from the 
Sim. Along this other line a rain-drop, at its remote 
end, when struck by a solar beam, will send violet light 
to the eye. All drops at the same angular distance 
will do the same, and we shall therefore obtain a band 
of violet light of the same width as the red band. 
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These two bands constitute the limiting colours of tlu 
rainbow, and between them the bands oorreaponding fc 

the other colours lie. 

Thus the line drawn from the eye to the TMd(22«^ 
of the bow, and the line drawn through the eye to the 
Bim, always enclose an angle of about 41°. To account 
for this was the great difficulty, which remained un- 
solved up to the time of Descartes, 

Taking a pen in hand, and calculating by means 
of Snail's law the track of every ray through a rain- 
drop, Descartes found that, at one particular angle, 
the rays, reflected at its back, emerged from the drop 
abnost patullel to each other. They were thus enabled 
to preserve their intensity through long atmospheric 
distances. At all other angles the rays quitted the drop 
divergent, and through this divergence became so 
enfeebled as to be practically lost to the eye. The 
angle of parallelism here referred to was that of forty- 
one degrees, which observation had proved to be in- 
variably associated with the rainbow. 

From what has been said, it is clear that two ob- 
servers standing beside each other, or one above the 
other, nay, that even the two eyes of the same observer, 
do not see exactly the same bow. The position of the 
base of the cone changes with that of its apex. And 
here we have no difficulty in answering a question often 
asked — namely, whether a rainbow is ever seen reflected 
in water. Seeing two bows, the one in the heavens, 
the other in the water, you might be disposed to infer 
that the one bears the same relation to the other that a 
tree upon the water's edge bears to its reflected image. 
The rays, however, which reach an observer's eye after 
reflection from the water, and which form a bow in the 
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water, would, were their course irom the shower uninter- 
rupted, converge to a point vertically under the ob- 
server, and as far below the level of the water as hia 
«ye is above it. But under no circumstances could an 
•eye above the water-level and one below it see the 
same bow — in other words, the self-same drops of rain 
•cannot form the reflected bow and the bow seen directly 
in the heavens. The reflected bow, therefore, is not, 
in the usual optical sense of the term, the image of 
the bow seen in the sky. 

§ 7. AnaZyaia and Synthesis of Light. Doctrine 

of Colours. 

In the rainbow a new phenomenon was introduced 
■ — the phenomenon of colour. And here we axrive 
at one of those points in the history of science, when 
great men's labours so intermingle that it is difficult 
to assign to each worker his precise meed of honour. 
Descartes was at the threshold of the discovery of 
the composition of solar light; but for Newton was 
Reserved the enunciation of the true law. He went 
to work in this way : Through the closed window- 
shutter of a room he pierced an orifice, and allowed 
a thin sunbeam to pass through it. The beam stamped 
a round white image of the sun on the opposite wall 
of the room. In the path of this beam Newton placed 
a prism, expecting to see the beam refracted, but also 
expecting to see the image of the sun, after refraction, 
still round. To his astonishment, it was drawn out to 
an image with a length five times its breadth. It was, 
moreover, no longer white, but divided into bands of 
different colours. Newton saw immediately that solar 
Ught was composite^ not simple. His elongated image 
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ivealed to him the fact that some constituents of the 

(Rht were more deflected by the prism than others, 

: he concluded, therefore, that white light was a 

cture of lights of different colours, possessing differ- 

t degrees of refrangibiHty. 

t us reproduce this celebrated experiment. On 

B screen is now stamped a luminous disk, which may 

i for Newton's image of the sun. Causing the beam 

rom the aperture L, fig. 7) which produces the disk to 



L 



B through a lens (E), we form a sharp image of the 

re. Placing in the track of the beam a prism 

a obtain Newton's coloured image, with its red 

i violet ends, which he called a spectruTn, Newton 

rided the spectrum into seven parts — red, orange, 

iUow, green, blue, indigo, violet ; which are commonly 

r called the seven primary or prismatic colours. The 

drawing out of the white Kght into its constituent 

I (xdours is called dieperaion. 

This was ihe&rstaTialysiaol solar light b^"Se'«^mi.\ 
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but the scientific mincl isfondof Teiificalioo,sid: 
neglpcts it where it ie ijossible. SewKw 
Ijroof by synthesis in this wsj : The ^wctrnm 
b<ifore you is produced by a glass prism. CnaDg 
rIecoHilKiHed beam to pass through a second 
priHiii, hut BO placed that the colours are re&actol 
and rfblcnded, the perfectly white luminons Mil 
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je, refraction and dispersion are sbii 




lU'iitiKly tilMiliMhfd. Are they always so? Canwehs 
tlio oiH* without the other? It was Newton's coad 
NJoii that wo pould not. Here he erred, and his eiJ 
which h" iniiintained to the end of hia life, retari 
tho progri.'SH of optical discovery, Dollond ml 
quontly proveil that by combiuiug two different kiS 
of gUiHH, the colours can be extinguished, still leavij 
a resi<lue of refraction, aud he employed this resi^ 
ill tho construction of achromatic leu sea — ^1« 
yielding no colour — which Newton thought an 
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bility. By setting a water-prism — water contained in 
a wedge- shaped vessel with glass sides (E, fig. 8) — ^in 
opposition to a wedge of glass (to the right of B), this 
point can be illustrated before you. We have first 
of all the position (dotted) of the unrefracted beam 
marked upon the screen ; then we produce the narrow 
water- spectrum (W) ; finally, by introducing a flint- 
glass prism, we refract the beam back, until the colour 
disappears (at A). The image of the slit is now white ; 
but though the dispersion is abolished, there remains 
a very sensible amount of refraction. 

This is the place to illustrate another point bearing 
upon the instrumental means employed in these lec- 
tures. Bodies differ widely from each other as to their 
powers of refraction and dispersion. Note the position 
of the water-spectrum upon the screen. Altering in 
no particular the wedge-shaped vessel, but simply 
substituting for the water the transparent bisulphide 
of carbon, you notice how much higher the beam is 
thrown, and how much richer is the display of colour. 
To augment the size of our spectrum we here employ 
■(at L) a slit, instead of a circular aperture.' 

' The low dispersive power of water maaks, as Helmliolti has re- 
marked, the imperfect achromatism of the eje. With the naked eye 
I can see a distatit blue disk sbarpl; delined, but not a red one. I oan 
alao see the lines which mark the upper and lower boundaries of a 
horizontally refracted speetmm sharp at the blue end, but ill-defined 
at the red end. Projecting a luminous disk upon a screen, and 
eorering one aemicircle of the aperture with a red and the other 
with a bine or green ghiss, the difference between the apparent sizeH 
of the two aemiclrclea is in my case, and in numerous other caaes, 
extraordinary. Many persona, however, see the apparent sizea of tie 
two aemioircles reTeiged. If with a Bpeclacle glass I correct the 
diBperaion of the red light over the retina, then the blue ceases to 
g}ve a sharply defined image. Ttiaa examined, the departure of the 
■o achromatifim appears very gross indeed. 
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The synthesis of white light may be effected in 
three ways, all of which are worthy of attention: 
Here, in the first instance, we have a rich s]}eetrmn 
produced by the decomposition of the beam (from L, 
fig. 9). One face of the prism (P) is protected by a 
diaphragm (not shown in the fignre), with a longitu- 
dinal slit, through which the beam passes into the prism- 
It emerges decomposed at the other side. I permit the 
colonrs to pass through a cylindrical lens (C), which 
so squeezes them together as to produce upon the 




screen a sharply defined rectangular image of the 
longitudinal slit. In that image the colours are re- 
blended, and it is perfectly white. Between the prism 
and the cylindrical lens may be seen the colourB, 
tracking themselves through the dust of the room. 
Cutting off the more refrangible fringe by a card, tlie 
rectangle is seen red : cutting off the less refrangible 
fringe, the rectangle is seen blue. By means of a. thin 
glass prism (W), Ideflect one portion of the colours, aai 
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leave the residual portion. On the screen axe now twa 
ooloured rectangles produced in this way. These are 
compleTTientary colours — colours which, by their union^ 
produce white. Note, that by judicious management, 
one of these colours is rendered yellow, and the other 
blue. I withdraw the thin prism; yellow and blue 
immediately commingle, and we have white as the result 
of their union. On our way, then, we remove the 
fallacy, first exposed by Wiinsch, and afterwards inde-^ 
pendently by Helmholtz, that the mixture of blue and 
yellow lights produces green. 

Restoring the circular aperture, we obtain once 
more a spectrum like that of Newton. By means 
of a lens, we can gather up these colours, and build 
them together, not to an image of the aperture, but to 
an image of the carbon-points themselves. 

Finally, by means of a rotating disk, on which are 
spread in sectors the colours of the spectrum, we blend 
togBtixer the prismatic colours in the eye itself, and 
thud produce the impression of whiteness. 

Having unravelled the interwoven constituents of 
white light, we have next to inquire. What part the 
constitution so revealed enables this agent to play in 
Nature ? To it we owe all the phenomena of colour,. 
and yet not to it alone ; for there must be a certain 
relationship between the ultimate particles of natural 
bodies and white light, to enable them to extract from 
it the luxury of colour. But the function of natural 
bodies is here selective^ not creative. There is no 
colour generated by any natural body whatever. 
Natural bodies have showered upon them, in the white 
light of the sun, the sum total of all possible colours ; 
and their action is limited to the sifting oi \Jaaki \iO\a\. — 
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<ht* uppittpriatiiii; or absorbing of some of its con- 
Htidit^iitM, juul tho rejecting of othu-s. It will fix this 
Hultjoot in Yonr tnimls if I say, that it is the portion 
<»t' liglU wlnrli they reject, and not that which they 
npi»rt>priutt^ t»r uK^orb, that gives bodies their colours. 

Ia4 lis begin our experimental inquiries here by 
UHkingt NVImt is the meaning of blackness? Pass a 
bliiok riltltou thivugh the colours of the spectrum; it 
ifutMU'lu^s uU of them. The meaning of blackness is 
thuH rt^vtniled it is the result of the absorption of all 
tht* roust it inputs of solai' light. Pass a red ribbon 
tlirougli the s)Kvtrum. In the red light the ribbon is a 
viviil nul, NVI^y? Heeauso the light that enters the 
ribbon is ut»t (lueueheil or absorbed, but in great part 
HtMit burk \o the eve. Place the same ribbon in the 
gretui of tht^ sptvtrum; it is black as jet. It absoibs 
t h(^ ^M'et^u liglkt, mul ivnders the sjmce on which that 
light falls a H|uioe of intense darkness. Place a green 
ribbon iu tlu^ fivx'on of the siHH*trum. It shines vividly 
with its [U'opt^r eiUour; tnmsfer it to the red, it is 
black as jet. IIert^ it absorbs all the light that &ll8 
upon it, and ofters mere darkness to the eye. 

Ilnis, when white light is employed, the red sifi» 
it by (|u<uiehing tht» green, and the green sifts it by 
iiuonching the red, lioth exhibiting the residual colour. 
The process through which natural bodies acquire 
their colours is therefore a negative one. The 
colours are i)roduced by subtraction, not by addition. 
This red glass is red because it destroys all the more 
refrangible niys of the spectrum. This blue liquid 
is blue because it destroys all the less refrangible 
rays. Both together are opaque because the light 
transmitted by the one is quenched by the other. In 
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this way, by the union of two transparent substances, 
we obtain a combination as dark as pitch to solar light. 
This other liquid, finally, is purple because it destroys 
the green and the yellow, and allows the terminal 
colours of the spectrum to pass unimpeded. From the 
blending of the blue and the red this gorgeous purple 
is produced. 

One step further for the sake of exactness. The light 
which falls upon a body is divided into two portions, 
one of which is reflected from the surface of the 
body ; and this is of the same colour as the incident 
light, K the incident light be white, the superficially 
reflected light will also be white. Solar light, for ex- 
ample, reflected from the surface of even a black body, 
is white. The blackest camphine smoke in a dark 
room, through which a sunbeam passes from an aperture 
in the window-shutter, renders the track of the beam 
white, by the light scattered from the surfaces of the ,/ 
soot particles. The moon appears to us as if 

* Clothed in white samite, mystic, wonderful ; * 

but were it covered with the blackest velvet it would 
still hang as a white orb in the heavens, shining upon 
our world substantially as it does now, 

§ 8. Colours of Pigments as distinguished from / y^ 

Colours of Light. ^ 

The second portion of the incident light enters the 
body, and upon its treatment there the colour of the 
body depends. And here a moment may properly be 
given to the analysis of the action of pigments upon 
light. They are composed of fine particles mix.^ mXXivjk. 
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vf'liif'lf*; )>iif liow intimately soever the particles nay 
]ir ))|f'iMlf'(1, Ilif\y Htill remain particles, separated, it 
ffiny b's by f»xrco(lingly minute distances, but sdll 
Rf{»Hnitf*(l. To iiHe tlie scientific jihrase, they are not 
o|ff.if'nlly continuouH. Now, wherever optical continnitT 
ifl riiphin'd Wf luivo n'flection of the incident light. It 
i^ Mm* tniiltit'inlc of n^dections at the limiting snrfiices 
fiF flio p)ir(i(*lfH Ihat ])revcnts light firc»n passing 
tliroii^li Hiiow, powd(tr(>d glass, or common salt. The 
li|/li(. Ihtp is cxIuiUHtcd in echoes, not extinguished hj 
inif^ n1mor)it ion. It is the same kind of reflection that 
rf>rMl(M7< I)h« tliundfM'-doud so impervious to light 
i<w)i n cloud in conipomHl of particles of water, mixied 
with )iMr(irl(^H of air, both separately transparent, but 
pnirf icnlly (»pmpi(^ whrn thus mixed together. 

In tlip ciiHi* of pigments, then, the light is reflected 
»f. fill* liiniiing HurfaccH of the particles, but it is in 
jijirf filiMnrhrd within Iho particles. The reflection i» 
TM'ff'PBMry to Hi-nd the light back to the eye; theabsoip- 
t ion \h iMTCHHnry to giv(i the body its colour. The same 
rcinarkH n]»|>Iy to flowers. The rose is red, in virtue, 
not. of tlio light rellected from its surface, but of light 
wliirdi has <Mitered its substance, which has been re- 
tlcctcd from surfaccH within, and which, in returning 
Ihrniiiih the Hubstance, has had its green extinguished. 
A Kirnilar pnKicHH in the case of hard green leaves ex- 
tingtUKhcH th(j red, and sends green light from the 
body of the leaves to the eye. 

All l)()dies, even the most transparent, are more or 
less absorbent of light. Take the case of water. A 
glass cell of clear water interposed in the track of 
our beam does not perceptibly change any one of 
the colours of the spectrum. Still absorption^ though 
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insensible, has here occurred, and to render it sensible 
we have only to increase the depth of the water through 
which the light passes. Instead of a cell an inch thick, 
let us take a layer, ten or fifteen feet thick : the colour 
of the water is then very evident. By augmenting 
the thickness we absorb more of the light, and by 
making the thickness very great we absorb the light 
altogether. Lampblack or pitch can do no more, and 
the only diflference in this respect between them and 
water is that a very sipall depth in their case suffices 
to extinguish all the light. The diflference between 
the highest known transparency and the highest 
known opacity is one of degree merely. 

If, then, we render water suflBciently deep to quench 
all the light ; and if firom the interior of the water no 
light reaches the eye, we have the condition necessary 
to produce blackness. Looked properly down upon, 
there are portions of the Atlantic Ocean to which one 
would hardly ascribe a trace of colour : at the most a 
tint of dark indigo reaches the eye. The water, in 
fjEUJt, is practically blacky and this is an indication both 
of its depth and purity. But the case is entirely 
changed when the ocean contains solid particles in a 
state of mechanical suspension, capable of sending the 
light impinging on them back to the eye. 

Throw, for example, a white pebble, or a white 
dinner plate, into the blackest Atlantic water; as it 
sinks it becomes greener and greener, and, before it 
disappears, it reaches a vivid blue green. Break such 
a pebble, or plate^ into fragments, these will behave 
like the unbroken mass : grind the pebble to powder, 
every particle will yield its modicum of green ; and if 
the particles be so fine as to remain STispendedL m ^Jcife 



36 ON LIGHT. 



LBCT. 



water, the scattered light will be a uniform green. 
Hence the greenness of shoal water. You go to bed 
with the black water of the Atlantic around you. You 
rise in the morning, find it a vivid green, and correctly 
infer that you are crossing the Bank of Newfoundland. 
Such water is found charged with fine matter in a state 
of mechanical suspension. The light from the bottom 
may sometimes come into play, but it is not necessary. 
The subaqueous foam, generated by the screw or paddle- 
wheels of a steamer, also sends forth a vivid green. 
The foam here furnishes a reflecting surfdcey the water 
between the eye and it the absorbing medium. 

Nothing can be more superb than the green of the 
Atlantic waves when the circumstances are favourable 
to the exhibition of the colour. As long as a wave 
remains unbroken no colour appears, but when the 
foam just doubles over the crest like an Alpine snow- 
cornice, under the cornice we often see a display of the 
most exquisite green. It is metallic in its brilliancy. 
The foam is first illuminated, and it scatters the light 
in all directions ; the light which passes through the 
higher portion of the wave alone reaches the eye, and 
gives to that portion its matchless colour. The folding 
of the wave, producing, as it does, a series of longitud- 
inal protuberances and furrows which act like cylindrical 
lenses, introduces variations in the intensity of the 
light, and materially enhances its beauty. 

We are now prepared for the further consideration 
of a point akeady adverted to, and regarding which 
error long found currency. You will find it stated 
in many books that blue light and yellow light mixed 
together, produce green. But blue and yellow have 
been just proved to be complementary colours, pro- 
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ducing white by their mixture. The mixture of blue 
and yellow pigments undoubtedly produces green, but 
the mixture of pigments is a totally different thing 
fix)m the mixture of lights. 

Helmholtz has revealed the cause of the green pro- 
duced by a mixture of blue and yellow pigments. No 
natural colour is pure. A blue liquid, or a blue powder, 
permits not only the blue to pass through it, but a por- 
tion of the adjacent green. _A yellow powder is trans- 
parent not only to the yellow light, but also in part to 
the adjacent green. Now, when blue and yellow are 
mixed together, the blue cuts oflF the yellow, the orange, 
and the red ; the yellow, on the other hand, cuts oflF the 
violet, the indigo, and the blue. Green is the only 
colour to which both are transparent, and the conse- 
quence is that, when white light falls upon a mixture 
of yellow and blue powders, the green alone is sent 
back to the eye. You have akeady seen that the fine 
blue ammonia-sulphate of copper transmits a large 
portion of green, while cutting off all the less re- 
firangible light. A yellow solution of picric acid also 
allows the green to pass, but quenches all the more 
refrangible light. What must occur when we send a 
beam through both liquids ? The experimental answer 
to this question is now before you : the green band of 
the spectrum alone remains upon the screen. 

The impurity of natural colours is strikingly illus- 
trated by an observation recently communicated to 
me by Mr. Woodbury. On looking through a blue 
glass at green leaves in sunshine, he saw the super- 
ficially reflected light blue. The light, on the con- 
trary, which came from the body of the leaves was 
crimson. On examination, I fomid t\\afc \3ckfc ^^^% 
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<'ini»loy('d in this observation transmitted both ends of 
ili(5 HiHJctrum, the red as well as the blue, and that it 
(lU(?nc.li('d the middle. This furnished an easy explana- 
tion of the effect. In the delicate spring foliage the blue 
of tlie solar light is for the most part absorbed, and a 
light, inninly yellowish green, but containing a con- 
nifhjrablc (juantity of red, escapes from the leaf to the 
♦jyp. On looking at such foliage through the violet 
ghiRH, f h(^ green and the yellow are stopped, and the red 
nlone n^nches the eye. Thus regarded, therefore, the 
leaves appear like faintly blushing roses, and present a 
very beautiful appearance. With the blue anunonia- 
wiilpliafe of copper, which transmits no red, this eflfect 
in not obiaiiKut. 

As tlie year advances the crimson gradually hardens 
to a c()pi)ery red; and in the dark green leaves of 
old ivy it- is almost absent. Permitting a beam of 
white light to fall upon fresh leaves in a dark room, 
tho sudden change from green to red, and from red 
back to gre(m, when the violet glass is alternately 
introduced and withdrawn, is very surprising. Looked 
at through the same glass, the meadows in May appear 
of a warm purple. With a solution of permanganate 
of potash, which, while it quenches the centre of the 
spectrum, permits its ends to pass more freely than the 
violet glass, excellent effects are also obtained.^ 

• Botli in foliage and in flowers there are striking differences of 
absorption. The copper beech and the green beech, for example, take 
in different rays. But the' very growth of the tree is due to some of 
the rays thus taken in. Are the chemical rays, then, the same in the 
copper and tlie green beech ? In two such flowers as the primrose 
and tho violet, where the absorptions, to judge by the colours, are 
almost complementary, are the chemically active rays the same ? The 
geneial relation of colour to chemical action is worthy of the appli- 
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This question of absorption, considered with refer- 
ence to its molecular mechanism, is one of the most 
subtle and diflBcult in physics. We are not yet in a 
condition to grapple with it, but we shall be by-and- 
by. Meanwhile we may profitably glance back on the 
web of relations which these experiments reveal to 
ns. We have, firstly, in solar light an agent of ex- 
ceeding complexity, composed of innumerable con- 
stituents, refrangible in different degrees. We find, 
secondly, the atoms and molecules of bodies gifted 
with the power of sifting solar light in the most vari- 
ous wayS; and producing by this sifting the colours 
observed in nature and art. To do this they must pos- 
sess a molecular structure commensurate in complexity 
with that of light itself- Thirdly, we have the human 
eye and brain, so organized as to be able to take in and 
distinguish the multitude of impressions thus generated* 
The light, therefore, at starting is complex ; to sift and 
select it as they do, natural bodies must be complex ; 
while to take in the impressions thus generated, the 
human eye and brain, however we may simplify our 
conceptions of their action,^ must be highly complex. 

cation of the method by which Dr. Draper proved so conclusively the 
chemical potency of the yellow rays of the sun. 

* Young, Helmholtz, and Maxwell reduce all differences of hue to 
combinations in different proportions of three primary colours. It 
is demonstrable by experiment that from the red, green, and violet 
all the other colours of the spectrum may be obtained. 

Some years ago Sir Charles Wheatstone drew my attention to a 
work by Christian Ernst Wiinsch, Leipzig 1792, in which the author 
announces the proposition that there are neither five nor seven, but 
only three simple colours in white light. Wiinsch produced five 
spectra, with five prisms and five small apertures, and he mixed the 
colours first in pairs, and afterwards in other ways and proportions. 
His result is that red is a simple colour incapable of being decom- 
posed ; that orange is compounded of intense led amd 'w^a.^ ^x^ev^. % 
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WhciuM^ this triple complexity? If irfaat ai^calkdm- 
Irrinl purpoHOK were the only end to be sexvei a siwi 
Niinpl(T DKvhunism would be sufficient. But, kiteid 
of HiiMpli(Mty, we have prodigality of relatioii and a^ 
tnlion — and this, apparently, for the sole pnipoee of 
rtmblin^ uh to seo things robed in the splendoms o( 
(M»loiir, Would it not seem that Nature harboured the 
iti((«nH(>n of (Hluoating us for other enjoyments than 
tlioHo (t(»rivHblo from meat and drink? At all cTcnts, 
wliut ov(»r Nat uro meant — and it would be mere presump- 
Hon io tlognmtize as to what she meant — ^we find onr- 
HolvrH hrn», as the upshot of her operations, endowed, 
not only with capacities to enjoy the materially usefdl, 
l)nt ontlowcd with others of indefinite scope and appK- 
cnlion, whit'li deal alone with the beautiful and the 
irup. 

<li»l yrllnw {h h mixtun> of intense red and intense green ; thatgrem 
U H nifHftlr iMilmtr; that blue is compounded of saturated green and 
pntntiUiMl vtolot. : timt indigo is a mixture of saturated violet and 
\vc>Mk K'oon ; wlUlo vlolot is a pure siniple colour. He also finds that 
jtIIow aikI liull^'o l)luo ])roduce 7vkitehy their mixture. YeUow mixed 
with hrl^ht hluo (HoolibhuOftlso produces white, which seems, how- 
ovtM', to Itnvu II tingt^ of green, while the pigments of these twooolouis 
\vh(>n nilxoci nl wavH give a more or less beautiful green. Wunsch yeiy 
cmphiitlonll.v di»tinguishos the mixture of pigments from that of 
lIl^hlH. Hpoiiking of tlio generation of yellow, he says, * I say ex- 
j)i('HNly Tf'ff (in(f fjrcni lights because I am speaking about light-colonis 
(Iil<ihtfiirb(»n),»ii<l not about pigments.' However faulty his theories 
may bo, WiluHcli'H oxperimenls appear in the main to be precise and 
oon(jluHiv(\ Nearly ton years subsequently, Young adopted red, 
green, and violet as the three primary colours, each of them capable 
of jiroduoing throe sensations, one of which, however, predominates 
over the two others. Helmholtz adopts, elucidates, and enriches 
this notion. (Pojiular Leotvres^ p. 249. The paper of Helmholtz on 
the mixture of colours, translated by myself, is published in the 
Philo80}fMoal Magazine for 1862. Maxwell's memoir on the Theory 
of Compound Colours is pubUshed in the PhilosojpMcal Tra/nsactiojiSt 
vol. 160, p. 67.) 



41 



LECTUEE II. 

OBIGIN OP PHYSICAL THEORIES —SCOPE OP THE IMAGINATION — NEWTON 
AND THE EMISSION THEOBY — ^VERIFICATION OP PHYSICAL THEORIES — 
THE LUMINIFEROUS ETHER — WAVE THEORY OF LIGHT — THOMAS 
YOUNG ^FRESNEL AND ARAGO — CONCEPTION OP WAVE-MOTION — IN- 
TERFERENCE OP WAVES — CONSTITUTION OP SOUND-WAVES — ANALOGIES 
OP SOUND AND LIGHT — ILLUSTRATIONS OP WAVE-MOTION — INTER- 
FERENCE OP SOUND-WAVES — OPTICAL ILLUSTRATIONS — PITCH AND 
COLOUR — LENGTHS OP THE WAVES OP LIGHT AND RATES OP VIBRATION 
OF THE ETHER-PARTICLES — ^INTERFERENCE OP LIGHT — PHENOMENA 
WHICH FIRST SUGGESTED THE UNDULATORY THEORY — BOYLE AND 
HOOEE — THE COLOURS OP THIN PLATES— THE SOAP-BUBBLE — NEWTON'S 
RINGS — THEORY OF * PITS ' — ITS EXPLANATION OP THE RINGS — OVER- 
THROW OP THE THEORY — DIFFRACTION OP LIGHT — COLOURS PRODUCED 
BY DIFFRACTION — COLOURS OF MOTHER-OF-PEARL. 

§ 1. Origin and Scope of Physical Theories. 

We might vary and extend our experiments on Light 
indefinitely, and they certainly would prove us to 
possess a wonderful mastery over the phenomena. But 
the vesture of the agent only would thus be revealed, 
not the agent itself. The human mind, however, is so 
constituted that it can never rest satisfied with this 
outward view of natural things. Brightness and firesh- 
ness take possession of the mind when it is crossed by 
the light of principles, showing the facts of Nature to 
be organically connected. 

Let us, then, inquire what this thing is that we 
have been generating, reflecting, refiracting and ana- 
lyzing. 
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In doing this we shall learn that the life of the 
exi>erim<^nt^l philosopher is twofold. He lives, in hi* 
vocation,, fi Hf<^ of the sense?, using his hands, eyes, and 
oars in his ox}>eriments : bnt such a question as that 
now l>eforo us oArries him beyond the margin of the 
sonsos* Ho oannot consider, much less answer, the 
t^uo^tion, * WHi^it is light ? • without transporting him- 
self to a w<>rld which underlies the sensible one, and 
out of which all optical phenomena spring. To reaKse 
this stibscnsiblc world the mind must possess a certain 
pictorial |>owor» It must be able to form definite 
inxagcs of the things which that world contains ; and 
to say that 5 if such or such a state of things exist in 
the sulwonsible world, then the phenomena of the 
?*onsiWo one must, of necessity, grow out of this state 
of things. Plu^ical theories are thus formed, the truth 
of which is iuforwHl from their power to explain the 
known and to predict the unknown. 

This ci^>ncoption of physical theory implies, as you 
poix>cive, the exercise of the imagination — a word which 
seems to render many resi>ectable people, both in the 
mnks of science and out of them, uncomfortable. That 
men in the ranks of science should feel thus is, I think, 
a proof that they have suffered themselves to be mis- 
led by the popular definition of a great feiculty, instead 
of observing its operation in their own minds. With- 
out imagination we cannot take a step beyond the 
bourne of the mere animal world, perhaps not even to 
the edge of this one. But, in speaking thus of imagina- 
tion, I do not mean a riotous power which deals capri- 
ciously with facts, but a well-ordered and disciplined 
power, whose sole function is to form such conceptions 
as the intellect imperatively demands* Imagination^ 
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tlus exercised, never really severs itself from the world 
of fact. This is the storehouse from which its ma- 
terials are derived ; and the magic of its art consists, 
xiot in creating things anew, but in so changing the 
Ximgnitude, position, grouping, and other relations of 
sensible things, as to render them fit for the require- 
xnents of the intellect in the subsensible world.^ 

Descartes imagined space to be filled with some- 
'thing that transmitted light instantaneously. Firstly, 
l3ecause, in his experience, no measurable interval was 
Iniown to exist between the appearance of a flash of 
light, however distant, and its effect upon consciousness ; 
and secondly, because, as far as his experience went, no 
physical power is conveyed from place to place without 
a vehicle. But his imagination helped itself farther 
by illustrations drawn from the world of fact. * When,^ 
he says, ' one walks in darkness with staff in hand, the 

* The following charming extract, bearing upon this point, was 
discovered and written out for me by my deeply lamented friend 
Dr. Bence Jones, when Hon. Secretary to the Royal Institution : — 

* In every kind of magnitude there is a degree or sort to which our 
sense is proportioned, the perception and knowledge of which is of 
the greatest use to mankind. The same is the groundwork of philo- 
sophy ; for, though aU sorts and degrees are equally the object of 
philosophical speculation, yet it is from those which are proportioned 
to sense that a philosopher must set out in his inquiries, ascending 
or descending afterwards as his pursuits may require. He does well 
indeed to take his views from many points of sight, and supply the 
defects of sense by a well-regulated imagination ; nor is he to be 
con&ned by any limit in space or time ; but, as his knowledge of 
Nature is founded on the observation of sensible things, he must 
begin with these, and must often return to them to examine his 
progress by them. Here is his secure hold : and as he sets out from 
thence, so if he likewise trace not often his steps backwards with 
caution, he will be in hazard of losing his way in the labyrinths of 
Nature.' — (^Maclaurin : An Account of Sir I. NerctorCi Philosophical 
Discoveries, Written 1 723 ; second edition^ 17 50 *, p^ . \% , \^ ^ 
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moment the distant end of the staff strikes an obstacle 
the hand feels it. This explains what might otherwise 
be thought strange, that the light reaches us instan- 
taneously from the sun. I wish thee to believe that 
light in the bodies that we call luminous is nothing 
more than a very brisk and violent motion, which, by 
means of the air and other transparent media, is con- 
veyed to the eye, exactly as the shock through the 
walking-stick reaches the hand of a blind man. This 
is instantaneous, and would be so even if the interven- 
ing distance were greater than that between earth and 
heaven. It is therefore no more necessary that any- 
thing material should reach the eye from the luminous 
object, than that something should be sent from the 
ground to the hand of the blind man when he is con- 
scious of the shock of his staff.' The celebrated Eobert 
Hooke at first threw doubt upon this notion of Descartes, 
but he afterwards substantially espoused it. The be- 
lief in instantaneous transmission was destroyed by the 
discovery of Eoemer referred to in our last lecture. 

§ 2. The Emission Theory of Light. 

The case of Newton still more forcibly illustrates 
the position, that in forming physical theories we draw 
for our materials upon the world of fact. Before he 
began to deal with light, he was intimately acquainted 
with the laws of elastic collision, which all of you have 
seen more or less perfectly illustrated on a billiard-table. 
As regards the collision of sensible elastic masses, 
Newton knew the angle of incidence to be equal to the 
angle of reflection, and he also knew that experiment, 
as shown in our last lecture (fig. 3), had established 
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"the same law with regard to light. He thus found 
in his previous knowledge the material for theoretic 
images. He had only to change the magnitude of con- 
ceptions already in his mind to arrive at the Emission 
Theory of Light. Newton supposed light to consist of 
elastic particles of inconceivable minuteness, shot 
out with inconceivable rapidity by luminous bodies. 
Optical xeflection certainly occurred as if light con- 
sisted of such particles, and this was Newton's justifica- 
tion for introducing them. 

But this is not all. In another important parti- 
cular, also, Newton's conceptions regarding the nature of 
light were influenced by his previous knowledge. He 
had been pondering over the phenomena of gravitation, 
and had made himself at home amid the operations of 
this universal power. Perhaps his mind at this time was 
too freshly and too deeply imbued with these notions 
to permit of his forming an unfettered judgment re- 
garding the nature of light. Be that as it may, Newton 
saw in Eefraction the result of an attractive force exerted 
on the light-particles. He carried his conception out 
with the most severe consistency. Dropping vertically 
downwards towards the earth's surface, the motion 
of a body is accelerated as it approaches the earth. 
Dropping downwards towards a hoSontal surface-say 
from air on to glass or water — the velocity of the light- 
particles, when they came close to the surface, is, 
according to Newton, also accelerated. Approaching 
such a surface obliquely, he supposed the particles, 
when close to it, to be drawn down upon it, as a 
projectile is deflected by gravity to the surface of the 
earth. This deflection was, according to Newton, the 
refraction seen in our last lecture (fig. 4"). YYC^aiV^^i^ 
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waH supposed that differences of colour might he doe to 
differences in the ^ bigness ' of the particles. This ms 
the ])hy8i(*al theory of light enunciated and defended by 
Nfjwton ; and you will observe that it simply conosts 
in the trnnsference of conceptions, bom in the world of 
tlir; H(*ns(^s, to a snbsensible world. 

liut, though the region of physical theory lies thm 
b(»hin(l the world of senses, the verifications of theoj 
occur in that world. Lajdng the theoretic conception 
nl Mio root of matters, we determine by deduction what 
ixrr Mi(» phenomena which must of necessity grow out of 
lliiH root. If the i)henomena thus deduced agree vitk 
tlioHC! of the actual world, it is a presumption in fevour 
<»f ih<» theory. If, as new classes of phenomena arise, 
\\w,y also are found to harmonise with theoretic de- 
<lucHon, the presumption becomes still stronger. Hi 
finnlly, the ihoory confers prophetic vision upon the 
invcHligator, (Miabling him to predict the occurrence of 
)»h«»n()inena wliich have never yet been seen, and if 
MioH(^ pnulictions be found on trial to be rigidly correct, 
tlif^ jxirHuaHion of the truth of the theory becomes ove^ 
1 cowering. 

TlniH working backwards from a limited number of 
l)li<Mioiiiona, the human mind, by its own expansive 
force, roaches a conception which covers them alL 
There is no more wonderful performance of the intellect 
than this ; but we can render no account of it. Like 
the scrii^tural gift of the Spirit, no man can tell whence 
it Cometh. The i^assage from fiaxit to principle is 
sometimes slow, sometimes rapid, and at all times a 
source of intellectual joy. When rapid, the pleasure 
is concentrated, and becomes a kind of ecstasy or in- 
toxication. To any one who has experienced this 
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E^leasure, even in a moderate degree, the action of 
•Ajxshimedes when he quitted the bath, and ran naked, 
^^xying * Eureka!' through the streets of Sjnracuse, 
l>ecome8 intelligible. 

How, then, did it fare with the Emission Theory 
'^rhen the deductions from it were brought face to face 
"^rith natural phenomena? Tested by experiment, it 
'^as found competent to explain many facts, and with 
'transcendent ingenuity its author sought to make it 
^siccount for all. He so far succeeded, that men so cele- 
trated as Laplace and Mains, who lived till 1812, and 
Siot and Brewster, who lived till our own time, were 
^)und ^ong his disciples. 

§ 3. The UnduLatory Theory of Light. 

Still, even at an early period of the existence of the 
Amission Theory, one or two great men were found 
espousing a different one. They furnish another illus- 
tration of the law that, in forming theories, the scien- 
tific imagination must draw its materials from the 
world of fact and experience. It was known long ago 
that sound is conveyed in waves or pulses through the 
air ; and no sooner was this truth well housed in the 
mind than it became the basis of a theoretic concep- 
tion. It was supposed that light, like sound, might" 
also be the product of wave-motion. But what, in this 
case, could be the material forming the waves ? For 
the waves of sound we have the air of our atmosphere ; 
but the stretch of imagination which filled all space 
with a luminiferous ether trembling with the waves of 
light was so bold as to shock cautious minds. In one 
of my latest conversations with Sir David Bt^^^t^T^^va 
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biihl \n iiiM (Iml, IiIh rWwif objection to ihjr Tmatiir-WT 
llii'iiy ill li^hl, wiirt, (lull. 1 10 could not r ? in V r ."•»*■ OrsKar 
i:i<|i<iMt'. Ill nil fliiiiiHy II contrivance a.= "ibr- ^r^^^■f rf 
bjiiHUi Willi itlliitr lit priHliicc light. TiiLg. I laiiTfitT, b 
VI. I '/ iliih^i-iiiiid gnmiiil, iiiul the quarrel of eicieiit^t irii 
hli |iiivii|,iiM Ihirt piiiul. IIS withnuiny eetimablr* jieraroj 
OH iillni jiiiJiilH, irt, Ihut Mit^y profcMS to knov vx* nnei 
fiifiHil. I hit iniuil of lh(^ (Visitor. 

TliU r'unrr)i(iiiii of iiii t^t hcf viiiH advocat€<L SJld ?Q^ 
i:i:i3t3hillv itjipliiiil (itviU'iouM phenomena of optics, br like 
llliiaiiiuii(3 iialniuuiiirr, lluyghcnH. He dedaced fron 
H I In: hma III rulhu'lioii mid rcfniction, and applied it 
In i epliihi lliM tlmihlt^ i't^ri'it(;tion of Iceland spar. He 
llii.tii'/ wiin I'.&ptiiiniMt liiul (lofenditd by the oelebrazed 
fii'iilii^iiiiiliriiiii, Muliu'. They were, however, oppoeed 
by Ni;wliiu, whiidii liulhority at the time bore them 
iluwu. Oi aliiill Wit Hiiy it wiiH authority merely? Xot 
ijMili: tall, Nnwliiii'rt prepdiidemnce was in some degree 
Iiii: III llm liirl. Iliali though Iluyghens and Eulerwere 
li^bl bi Mm iiiitiiii tluty (lid not possess sufficient data 
III jtriiOf Ibi^iurtnlvi^H right. No human authority, how- 
i:vi:i bigti, rail inaiiitain itHelf against the voice of 
Nul'Urti bpiMtliiiig through experiment. But the voice 
of NuluiK iiiay be au uiu«irtaiu voice, through the 
tjiaiilJiiMfati of (lata. 'I'hiri wiih the case at the period 
now lefeiit^il to, and at Hueh a period, by the authority 
of Nitwioit, ill! liiitagouiHtH wen> naturally overborne. 

'rim niar(«h of niiiul is rhythmic, not uniform, and 
tliia great MniiHNioiL Theory, which held its ground so 
long, reHdinbled one of thoHo circles which, according 
to your coiuitryniaii Kmerson, the intermittent force of 
geniuN ])(!riodically draws round the operations of the 
intellect, but which are eventually broken through by 
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pressure from behind. In the year 1773 was born, at 
Milverton, in SomersetHhire, a circle -breaker of this 
kilid. He was educated for the profeBsion of a physi- 
cian, but was too strong to be tied down to professional 
routine. He devoted himself to the study of natural 
philosophy, and became in all its departments a master. 
He was also a master of letters. Languages, ancient 
and modem, were housed within his brain, and, to use 
the words of his epitaph, ' he first penetrated the ob- 
scurity which had veiled for ages the hieroglyphics of 
Egypt.' It fell to the lot of this man to discover facta 
in optics which Newton's theory was incompetent to 
explain, and his mind roamed in search of a sufficient 
theory. He had made himself acquainted with all the 
phenomena of wave-motion ; with all the phenomena 
of sound ; working successfully in this domain as an 
original discoverer. Thus informed and disciplined, he 
was prepared to detect any resemblance which might 
reveal itself between the phenomena of light and those 
of wave-motion. Such resemblances he did detect ; 
and, spurred on by the discovery, he pursued his specu- 
lations and experiments, until he finally succeeded in 
placing on an immovable basis the Undulatory Theory 
of Light. 

The founder of this great theory was Tbomas Young, 
a name, perhaps, unfamiliar to many of you, but which 
ought to be famibar to you all. Permit me, there- 
fore, by a kind of geometrical construction which I once 
ventured to employ in London, to give you a notion 
of the magnitude of this man. Let Newton stand 
erect in his age, and Young in bis. Draw a straight 
line from Newton to Young, tangent to the heads of 
both. This line would slope downwards ?toisi "Sew^oii "ya 
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Young, because Newton was certainly the taller man 
of the two. But the slope would not be steep, for the 
difference of stature was not excessive. The line 
would form what engineers call a gentle gradient from 
Newton to Young. Place underneath this line the 
biggest man born in the interval between both. It may- 
be doubted whether he would reach the line ; for if he 
did he would be taller intellectually than Young, and 
there was probably none taller. But I do not want you 
to rest on English estimates of Young ; the German, 
Helmholtz, a kindred genius, thus speaks of him : * His 
was one of the most profound minds that the world 
has ever seen ; but he had the misfortune to be too 
much in advance of his age. He excited the wonder 
of his contemporaries, who, however, were unable to 
follow him to the heights at which his daring intellect 
was accustomed to soar. His most important ideas 
lay, therefore, buried and forgotten in the folios of the 
Eoyal Society, until a new generation gradually and 
painfully made the same discoveries, and proved the 
exactness of his assertions and the truth of his demon- 
strations.' 

It is quite true, as Helmholtz says, that Young was 
in advance of his age ; but something is to be added 
which illustrates the responsibility ofour public writers. 
I For twenty years this man of genius was quenched — 

hidden from the appreciative intellect of his country- 
men — deemed in fact a dreamer, through the vigorous 
sarcasm of a writer who had then possession of the 
public ear, and who in the Edi/nburgh Review poured 
ridicule upon Young and his speculations. To the cele- 
brated Frenchmen Fresnel and Arago he was first in- 
debted for the restitution of TaisrigYita \ for they, especi- 



ally Fresnel, independently remade and vastly extended 
his discoveries. To the students of his works Young 
has long since appeared in his true light, but these 
twenty blank years pushed him from the public mind, 
which became in time filled with the fame of Young's 
colleague at the Royal Institution, Davy, and afterwards '- 
with the fame of Faraday. Carlyle refers to a remark 
of Novalia, that a man's self-trust is enormously in- 
creased the moment he finds that others believe in 
him. If the opposite remark be true — if it be a feet 
that public disbelief weakens a man's force — there is no 
calculating the amount of damage these twenty years 
of neglect may have done to Young's productiveness 
as an investigator. It remains to be stated that his 
assailant was Mr. Henry Brougham, afterwards Lord 
^^^laucellor of England. 

§ 4. Wave-Motion, Interference of Waves, ' Whirlpool 
Rapids ' of Niagara. 

Our hardest work is now before us. But the capacity 
for hard work depends in a great measure on the ante- 
cedent winding up of the will ; I would call upon you, 
therefore, to gird up your loins for coming labours. 

In the earliest writings of the ancients we find the 
notion that sound is conveyed by the air. Aristotle 
gives expression to this notion, and the great architect 
Vitruvius compares the waves of sound to waves of 
water. But the real mechanism of wave-motion was 
hidden from the ancients, and indeed was not made 
clear until the time of Newton. The central difficulty 
_ of the subject was, to distinguish betweeii Wie vtvQ'OiCiii. 
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of the wave itself, and the motion of the particles which 
at any moment constitute the wave. 

Stand upon the seashore and observe the advancing 
rollers before they are distorted by the friction of the 
bottom. Every wave has a back and a front, and, if 
you clearly seize the image of the moving wave, you 
will see that every particle of water along the front of 
the wave is in the act of rising, while every particle 
along its back is in the act of sinking. The particles 
in front reach in succession the crest of the wave, and 
as soon as the crest is past they begin to fall. They 
then reach the furrow or sinus of the wave, and can 
sink no farther. Immediately afterwards they become 
the front of the succeeding wave, rise again until tiiej 
reach the crest, and then sink as before. Thus, while 
the waves pass onwards horizontally, the individual 
particles are simply lifted up and down vertically. 
Observe a sea-fowl, or, if you are a swimmer, abandon 
yourself to the action of the waves ; you are not canied 
forward, but simply rocked up and down. The propaga- 
tion of a wave is the propagation of a /orm, and not the 
transference of the substance which constitutes the wave. 

The length of the wave is the distance from crest to 
crest, while the distance through which the individual 
particles oscillate is called the a/mplitude of the oscil- 
iation. You will notice that in this description the 
particles of water are made to vibrate across the line of 
"propagation.^ 

I I do not wish to encumber the conception here with the details . 
of the motion, bnt I may draw attention to the beautifol model of 
Prof. Lyman, wherein waves are shown to he produced by theeireuUr 
motion of the particles. This, as proved by the brothers Weber, is 
the real motion in the case of water-waves. 
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And now we have to take a step forwards, and it 
is the most important step of all. You can picture 
two series of waves proceeding from different origins 
through the same water. When, for example, you 
throw two stones into still water, the ring- waves pro- 
ceeding from the two centres of disturbance intersect 
each other. Now, no matter how numerous these waves 
may be, the law holds good that the motion of every 
particle of the water is the algebraic sum of all the 
motions imparted to it. If crest coincide with crest^ 
and furrow with furrow, the wave is lifted to a double 
height above its sinus ; if furrow coincide with crest, \ 
the motions are in opposition and their sum is zero. ' 
We have then still water. This action of wave upon / 
wave is technically called interferencey a term to be 
remembered. 

To the eye of a person conversant with these princi- 
ples, nothing can be more interesting than the crossing 
of water ripples. Through their interference the water- 
surface is sometimes shivered into the most beautiful 
mosaic, trembling rhythmically as if with a kind of 
visible music. When waves are skilfully generated in 
a dish of mercury, a strong light thrown upon the 
shining surface, and reflected on to a screen, reveals 
the motions of the liquid metal. The shape of the 
vessel determines the forms of the figures produced. In 
a circular dish, for example, a disturbance at the centre 
propagates itself as a series of circular waves, which, 
after reflection, again meet at the centre. If the point 
of disturbance be a little way removed from the centre, 
the interference of the direct and reflected waves pro- 
duces the magnificent chasing shown in the annexed 



figure.' The light reflected from such a surface yields 
a pattern of extraordinary beauty. When the mercury 
is slightly struck by a needle-point in a direction con- 
centric with the surface of the vessel, the lines of light 
run round in mazy coils, interlacing and nnraveUing 
themselves in a wonderfid manner. When the vessel 
is square, a splendid chequer-work is produced by the 




crossing of the direct and reflected waves. Thus, in 
the case of wave-motion, the most ordinary causes give 
rise to most exquisite effects. The words of Emerson 
are perfectly applicable here : — 

' Thon can'st not wave thy ataff in the air, 
Or dip thy paddle in the lake, 
But it carves the brow of beauty thera, 
And the ripples in rhjTno? the osrs forBafce.' 

' Copied from Weber'a ]\ eJknU-kre.. 
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The most impressive illustration of the action of 
waves on waves that I have ever seen occurs near 
24^iagara. For a distance of two miles, or thereabouts, 
below the Falls, the liver Niagara flows unmfBed 
through its excavated gorge. The bed subsequently 
narrows, and the water quickens its motion. At the 
place called the ' Whirlpool Rapids,' I estimated the 
width of the river at 300 feet, an estimate confirmed 
by the dwellers on the spot. When it is remembered 
that the drainage of nearly half a continent is com- 
pressed into this space, the impetuosity of the river's 
escape through this gorge may be imagined. 

Two kinds of motion are here obviously active, a 
motion of translation and a motion of undulation — the 
race of the river through its gorge, and the great waves 
generated by its collision with the obstacles in its way. 
In the middle of the stream, the rush and tossing are 
most violent ; at all events, the impetuous force of 
the individual waves is here most strikingly displayed. 
Vast pyramidal heaps leap incessantly from the river, 
some of them with such energy as to jerk their summits 
into the air, where they hang suspended as bundles of 
liquid pearls, which, when shone upon by the sun, are 
of indescribable beauty. 

The first impression, and, indeed, the current ex- 
planation of these Rapids is, that the central bed of the 
river is cumbered with large boulders, and that the 
jostling, tossing, and wild leaping of the waters there 
are due to its impact against these obstacles. A very 
different explanation occurred to me upon the si>ot. 
Boulders derived from the adjacent cUfia visibly cumber 
the sides of the river. Against these the water rises 
and sinks rhythmically but violently, large waves being 
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thus produced. On the generation of each wave there 
is an immediate compounding of the wave-motion with 
the river-motion. The ridges, which in still water 
would proceed in circular curves round the centre of 
disturbance, cross the river obliquely, and the result is, 
that at the centre waves commingle which have really 
been generated at the sides. This crossing of waves 
may be seen on a small scale in any gutter after rain ; 
it may also be seen on simply pouring water from a 
wide-lipped jug. Where crest and furrow cross each 
other, the wave is annulled ; where furrow and farrow 
cross, the river is ploughed to a greater depth ; and 
where crest and crest aid each other, we have that 
astonishing leap of the water which breaks the cohesion 
of the crests, and tosses them shattered into the air. 
The phenomena observed at the Whirlpool Eapids con- 
stitute, in fact, one of the grandest illustrations of the 
principle of interference. 

§ 5. Analogies of Sound and Light. 

Thomas Young's fundamental discovery in optics 
was that the principle of Interference was applicable to 
light. Long prior to his time an Italian philosopher, 
Grimaldi, had stated that under certain circumstances 
two thin beams of light, each of which, acting singly, 
produced a luminous spot upon a white wall, when caused 
to act together, partially quenched each other and 
darkened the spot. This was a statement of fundamental 
significance, but it required the discoveries and the 
genius of Young to give it meaning. How he did so will 
gradually become clear to you. You know that air is 
compressible : that by pressure it can be rendered more 
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™| dense, and that by dilatation it can be rendered more 
^- rare. Properly agitated, a tuning-fork now sounds in 
a manner audible to you all, and most of you know that 
the air through which the sound is passing is parcelled 
'' out into spaces in which the air is condensed, followed 
by other spaces in which the air is rarefied. These 
condensations and rarefactions constitute what we call 
wwe8 of sound. You can imagine the air of a room 
^M ttaversed by a series of such waves, and you can imagine 
'I a second Beries sent through the same air, and so related 
■ to the first that condensation coincides with condeusa- 
f tion and rarefaction with rarefaction. The consequence 
of this coincidence would be a louder sound than that 
produced by either system of waves taken singly. But 
you can alao imagine a state of things where the con- 
densations of the one system fall upon the rarefactions 
of the other system. In this case {other things being 
equal) the two systems would completely neutralize 
each other. Each of them taken singly produces 
sound ; both of them taken together produce no sound. 
Thus by adding sound to sound we produce silence, aa 
Grimaldi, in his experiment, produced darkness by 
adding light to light. 

Through his investigations on sound, which were 
fruitful and profound. Young approached the study of 
light. He put meaning into the observation of Gri- 
maldi, and immensely extended it. With splendid 
success he applied the modulatory theory to the ex- 
planation of the colours of thin plates, and to those of 
striated surfecea. He discovered and explained classes 
of colour which had been previously unnoticed or un- 
known. On the assumption that light was wave-motion, 
all his experiments on interference were accounted for ; 
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on the assumption that light was flying particles, no- 
thing was explained. In the time of Huyghens and 
Euler a medium had been assumed for the transmission 
of the waves of light ; but Newton raised the objection 
that, if light consisted of the waves of such a medium, 
shadows could not exist. The waves, he contended, 
would bend round opaque bodies and produce the 
motion of light behind them, as sound turns a comer, 
or as waves of water wash round a rock. It was proved 
that the bending round referred to by Newton actually 
occurs, but that the inflected waves abolish each other 
by their mutual interference. Young also discerned a 
fundamental difference between the waves of light and 
those of sound. Could you see the air through which 
sound-waves are passing, you would observe every in- 
dividual particle of air oscillating to and fro, in the 
direction of propagation. Could you see the lumini- 
ferous ether, you would also find every individual particle 
making a small excursion to and fro; but here the 
motion, like that assigned to the water-particles 
above referred to, would be across the line of propaga- 
tion. The vibrations of the air are longitudinal^ those 
of the ether transversal. 

The most familiar illustration of the interference of 
sound-waves is furnished by the beats produced by 
two musical soimds slightly out of unison. When two 
tuning-forks in perfect unison are agitated together 
the two sounds flow without roughness, as if thqr 
were but one. But, by attaching with wax to one 
of the forks a little weight, we cause it to vibrate 
more slowly than its neighbour. Suppose that one 
of them performs 101 vibrations in the time re- 
quired by the other to perform 100, and suppose that 
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starting the condensations and rarefactions of both 
coincide. At the 101st vibration of the quicker 
they will again coincide, that fork at this point 
►"Ving gained one whole vibration, or one whole wave- 
*^ngth, upon the other. But a Kttle reflection will 
^■^ciake it clear that, at the 50th vibration, the two forks 
'^^re in opposition ; here the one tends to produce a 
r^ondensation where the other tends to produce a rare- 
faction ; by the united action of the two forks, therefore, 
"tte sound is quenched, and we have a pause of silence, 
^his occurs where one fork has gained hxilf a wave- 
length upon the other. At the 101st vibration, as 
-already stated, we have coincidence, and, therefore, 
■Augmented sound; at the 150th vibration we have 
^gain a quenching of the sound. Here the one fork is 
^hree half-waves in advance of the other. In general 
terms, the waves conspire when the one series is an 
-even number of half-wave lengths, and they destroy 
€ach other when the one series is an odd number of 
half-wave lengths in advance of the other. With two 
ibrks so circumstanced, we obtain those intermittent 
shocks of sound separated by pauses of silence, to 
which we give the name of beats. By a suitable \ 
arrangement, moreover, it is possible to make one 
sound whoUy extinguish another. Along four distinct 
lines, for example, the vibrations of the two prongs of ^ ' 
a tuning-fork completely blot each other out.^ 

The pitch of sound is wholly determined by the 
rapidity of the vibration, as the intensity is by the 
amplitude. What pitch is to the ear in acoustics, 
-colour is to the eye in the undulat-ory theory of light. 

* See Lectures on Sound, 1st and 2nd ed., Lecture VII. ; and 3rd 
^., Chap. VIII. Longmans. 
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Though never seen, the lengths of the waves of light 
have heen determined. Their existence is proved 6y 
tlLeir effects, and from their effects also their lengths 
may be accurately deduced. This may, moreover, he 
done in many ways, and, when the different determins/- 
tions are compared, the strictest harmony is found to 
exist between them. This consensus of evidence is one 
of the strongest points of the undulatorj theory. The 
shortest waves of the visible spectrum are those of the 
extreme violet; the longest, those of the extreme red; 
while the other colours are of intermediate pitch or wave- 
length. The length of a wave of the extreme red is such 
that it would require 39,000 such waves, placed end to 
end, to cover one inch, while 64,631 of the extreme violet 
waves would he required to span the same distance. 

Now, the velocity of light, in round numbers, a 
186,000 miles per second. Reducing this to inches, 
and multiplying the number thus found by 39,000, we 
find the number of waves of the extreme red, in 
186,000 miles, to be four hundred and sixty millionft 
of millions. All these waves enter the eye, and strike 
ike retina at the back of the eye in one second. In a 
similar manner, it may be found that the number of 
shocks corresponding to the impression of violet is six 
hundred and seventy-eight millions of millions. 

All space is filled with matter oscillating at such 
rates. From every star waves of these dimensions 
move, with the velocity of light, like spherical shells 
in all directions. And in ether, just as iu water, the 
motion of every particle is the algebraic sum of all the- 
separate motions imparted to it. One motion does not. 
blot out the other ; or, if extinction occm: at one point, 
it is strictly atoned for, by augmented motion, at soi 
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ther point. Every star declares by its light its on- 
l individuality, as if it alone had sent its thriUs 
rough apace. 



§ 6. Interference of Light. 

The principle of interference, as just stated, applies 
to the waves of light as it does to the waves of water 
and the waves of sound. And the conditions of inter- 
ference are the same in all three- If two series of 
light-waves of the same length start at the same 
moment from a common origin (say A, fig. 11), crest 
coincides with crest, sinus with sinus, and the two 




systems blend together to a single system (A m, n) of 
double amplitude. If both series start at the same 
moment, one of them being, at starting, a whole wave- 
length in advance of the other, they also add them- 
selves together, and we have an augmented luminous 
effect. The same occurs when the one system of waves 
is any even number of semi-undulations in advance of 
the other. But if the one system be half a wave-length 
(as at A' a', fig. 12), or any odd number of half wave- 
lengths, in advance, then the crests of the one fall upon 
the sinuses of the other ; the one system, in fact, tends 
t J lift the particles of ether at the precise places where 
the other tends to depress them j hence, through the 
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joint action of these opposing forces (indicated by the 
arrows) the light-ether remains perfectly still. Tlii& 
stillness of the ether is what we call darkness, which 
corresponds with a dead level in the case of water. 

It was said in our first lecture, with reference to 
the colours produced by absorption, that the function 
of natural bodies is selective, not creative ; that they 

Fig. 12. 




extinguish certain constituents of the white solar light, 
and appear in the colours of the unextinguished light. 
It must at once occur to you that, inasmuch as we 
have in interference an agency by which light may 
be self-extinguished, we may have in it the conditions 
for the production of colour. But this would imply 
that certain constituents are quenched by interference, 
while others are permitted to remain. This is the fact ; 
and it is entirely due to the difference in the lengths 
of the waves of light. 

§ 7. Colours of thin Films. Observations of Boyle 

and Hooke. 

This subject may be illustrated by the pheno- 
mena which first suggested the undulatpry theory to 
the mind of Hooke. These are the colo&rs of thin 
transparent films of all kinds, known as the colours 
of thin plates. In this relation no object in the wonM 
possesses a deeper scientific interest than a commcn 
5oap-biibble. And here let me say emerges one of the 
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jdifficulfies which the student of pure science encounters 
n the presence of ' practical ' communities like those of 
f America and England; it ia not to be expected that 
I such communities can entertain any profound Bym^jathy 
with labours which seem so far removed from the domain 
if practice as are many of the labours of the man of 
science. Imagine I>r. Draper spending his days in 
blowing soap-bubbles and in studying their colours ! 
Would you show him the necessary patience, or grant 
■ him the necessary support ? And yet be it remembered 
1^ was thus that minds like those of Boyle, Newton and 
Hooke were occupied ; and that on such experiments 
; been founded a theory, the issues of which are 
incalculable. I see no other way for you, laymen, than 
to trust the scientiitc man with the choice of his in- 
quiries ; he stands before the tribunal of his peers, and 
by their verdict on his labours you ought to abide. 

"Whence, then, are derived the colours of the soap- 
bubble ? Imagine a beam of white light impinging 
on the bubble. When it reaches (he first surface of the 
film, a known fraction of the light is reflected back. 
But a large portion of the beam enters the film, reaches 
its second surface, and is again in part reflected. The 
waves from the second surface thus turn back and hotly 
pursue the waves from the first surface. And, if the 
thickness of the film be such as to cause the necessary 
retardation, the two systems of waves interfere with 
each other, producing augmented or diminished light, 
as the case may be. 

But, inasmuch as the waves of light are of difi'erent 
lengths, it is plain that, to produce extinction in the 
case of the longer waves, a greater thickness of film 
is necessary than in the case of the shorter oue?. 
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Different colours, therefore, mnst appear at different 
thicknesses of the film. 

Take with joa a little bottle of spirit of tnrpentiiie, 
and [KHir it into one of your country ponds. Toa 
will then see the glowing of those colours over the 
surface of the water. On a small scale we produce them 
thus : A common tea-tray is filled with water, beneath 
the surface of which dips the end of a pipette. Abeam 
of light tills u^K>n the water, and is reflected by it t» 
the screen. Spirit of turpentine is poured into the 
pipette ; it descends, issues &om the end in minute 
drops, which rise in succession to the surface. On 
ronchiug it, each drop spreads suddenly out as a film, 
and glowing colours immediately flash forth upon tie 
screen. The colours change as the thickness of the 
fdni changes by evaporation. They are also arranged 
in zones, in consequence of the gradual diminution of 
thickness from the centre outwards. 

Any film whatever will produce these colours. The 
film of air between two plates of glass squeezed together, 
exhibits, as shown by Hooke, rich firinges of colour. A 
particularly fine example of these fringes is now before 
you. Nor is even air necessary ; the rupture of optical 
continuity suffices. Smite with an axe the black, trans- 
parent ice — black, because it is pure and of great depth 
— under the moraine of a glacier ; you readily produce 
in the interior flaws which no air can reach, and from 
these flaws the colours of thin plates sometimes break 
like fire. But the source of most historic interest is, 
as already stated, the soap-bubble. With one of the 
mixtures employed by the eminent blind philosopher, 
Plateau, in his researches on the cohesion figures ol 
tbin filmBf we obtain in stiW aix a \i\3[)ci\?L<fe \«ii ox \7w^lvc 



inehes in diameter. Yoa may look at the bubble 
itself, or you may look at its projection upon the 
screen ; rich colours arranged in zones are, in both 
cases, exhibited. Rendering the beam parallel, and 
permitting it to impinge upon the aides, bottom, and 
top of the bubble, gorgeous fans of colour, reflected 
from the bubble, overspread the screen, rotating aa the 
beam is carried ronnd. By this experiment the internal 
motions of the film are also strikingly displayed. 

Not in a moment are great theories elaborated : 
the facts which demand them become first prominent ; 
then, to the period of observation succeeds a period 
of pondering and of tentative explanation. By such 
efforts the human mind is gradually prepared for 
the final theoretic illumination. The colours of tbiu 
plates, for example, occupied the attention of Robert 
Boyle. In his 'Experimental History of Colours' he 
contends against the schools which affirmed that colour 
was ' a penetrative quality that reaches to the inner- 
most parts of the object,' adducing opposing facts. 
* To give you a first instance,' he says, ' I shall need 
but to remind you of what I told you a little after 
the beginning of this essay, touching the blue and 
red and yellow that may be produced upon a piece 
of tempered steel ; for these colours, though they 
be very vivid, yet if you break the steel they adorn 
they will appear to be bat superficial.' He then 
describes, in phraseology which shows the delight be 
took in his work, the following beautiful experiment : — 
' We took a quantity of clean lead, and melted it 
with a strong fire, and then immediately pouring it out 
into a clean vessel of convenient shape and matti?r 
„ jfwe used one of iron, that the great and sadd«ii \i.ft'i& 
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might not injure it), and then carefully and nimbly 
taking oflf the scum that floated on the top, we per- 
ceived, as we expected, the smooth and glossy surface 
of the melted matter to be adorned with a very glorious 
colour, which, being as transitory as delightful, did 
almost immediately give place to another vivid colour, 
and that was as quickly succeeded by a third, and this, 
as it were, chased away by a fourth; and so these 
wonderfully vivid colours successively appeared and 
vanished till the metal ceasing to be hot enough to 
hold any longer this pleasing spectacle, the colours 
that chanced to adorn the surface when the lead thus 
began to cool remained upon it, but were so superficial 
that how little soever we scraped oflf the surface of the 
lead, we did, in such places, scrape oflF all the colour.' 
* These things,' he adds, * suggested to me some 
thoughts or ravings which I have not now time to 
acquaint you with.' ^ 

He extends his observations to essential oils and 
spirits of wine, * which being shaken till they have 
good store of bubbles, those bubbles will (if attentively 
considered) appear adorned with various and lovely 
colours, which all immediately vanish upon the retro- 
gressing of the liquid which aflfords these bubbles their 
skins into the rest of the oil.' He also refers to the 
colour of glass films. ' I have seen one that was skilled 
in fashioning glasses by the help of a lamp blowing 
some of them so strongly as to burst them ; whereupon 
it was found that the tenacity of the metal was such that 
before it broke it suffered itself to be reduced into films 
so extremely thin that they constantly showed upon 
their surface the varying colours of the rainbow.' ^ 
"-^^ Boyle's Works, Birch's edition, p. 675. « Page 743. 
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to Soyle the colours of thin plates 
occupied the attention of Robert Hooke, in whose 
writings we find a dawning of the nndulatory theory 
of Hght. He describes with great distinctness the 
colours obtained with thin flakes of ' Muscovy glass ' 
(talc), also those surrounding flaws in crystals where 
optical continuity is destroyed. He shows very clearly 
the dependence of the colour upon the thickness of the 
film, and proves by microscopic observation that plates 
of a uniform thickness yield uniform colours. ' If,' he 
says, ' yon take any small piece of the Muscovy glaaa, 
and with a needle, or some other convenient instru- 
ment, cleave it oftentimes into thinner and thinner 
laminfe, you shall find that until you come to a deter- 
minate thinness of them they shall appear transparent 
and colourless ; hat if you continue to split and divide 
them further, you shall find at last that each plate 
shall appear most lovely tinged or imbued with a de- 
terminate colour. If, further, by any means you so 
flaw a pretty thick piece that one part begins to cleave 
a little from the other, and between these two there be 
gotten some pellucid medium, those laminated or 
pellucid bodies that fill that space shall exhibit several 
rainhowa or coloured lines, the colours of which will be 
disposed and ranged according to the various thick- 
nesses of the several parts of the plate.' He then 
describes fully and clearly the experiment with pressed 
glasses already referred to : — 

' Take two small pieces of ground and polished 
looldug-glasa plate, each about the bigness of a shil- 
ling: take these two dry, and with your forefingers and 
thumbs press them very hard and close toget.her, and 

[ shall find that when they approach each other 
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very near there will appear several irises or coloured 
lines, in the same manner almost as in the Muscovy 
glass; and you may very easily change any of the 
colours of any part of the interposed body by pressing 
the plates closer and harder together, or leaving them 
more lax — that is, a part which appeared coloured with 
a red, may presently be tinged with a yellow, blue, 
green, purple, or the like. Any substance,' he says, 

* provided it be thin and transparent, will show these 
colours.' Like Boyle, he obtained them with glass films ; 
he also procured them with bubbles of pitch, rosin, 
colophony, turpentine, solutions of several gums, as 
gum arabic in water, any glutinous liquor, as wort, wine, 
spirit of wine, oyl of turpentine, glare of snails, &c. 

Hooke's writings show that even in his day the idea 
that both light and heat are modes of motion had 
taken possession of many minds. * First,' he says, 

* that all kind oi fiery burning bodies have their parts 
in motion I think will be easily granted me. That the 
spark struck from a flint and steel is in rapid agitation 
I have elsewhere made probable ; . . . . that heat 
argues a motion of the internal parts is (as I said 
before) generally granted; .... and that in all 
extremely hot shining bodies there is a very quick 
motion that causes light, as well as a more robust that 
causes heat, may be argued from the celerity wherewith 
the bodies are dissolved. Next, it must be a vibrative 
motion.^ His reference to the quick motion of light 
and the more robust motion of heat is a remarkable 
stroke of sagacity ; but Hooke's direct insight is better 
than his reasoning; for the proofs he adduces that 
light is ' a vibrating motion ' have no particular bearing 
upon the question. 
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Still the Undulatory Theory had undoubtedly 

"^a^nied upon the mind of this remarkable man. In 

^^deavouring to account for the colours of thin plates, 

^e again refers to the relation of colour to thickness : 

^ dwells upon the feet that the film which shows these 

flours must be transparent, proving this by showing 

that however thin an opaque body was rendered no 

colours were produced. ' This,' he says, * I have often 

tried by pressing a small globule of mercury between 

two smooth plates of glass, whereby I have reduced 

that body to a much greater thinness than was requisite 

to exhibit the colours with a transparent body.' Then 

follows the sagacious remark that to produce the colours 

* there must be a considerable reflecting body adjacent 

to the under or farther side of the lamina or plate : for 

this I always found, that the greater that reflection 

was the more vivid were the appearing colours. From 

which observation,' he continues, *it is most evident, 

that the reflection from the fiirth&r or under aide of 

the body is the 'princijpal cause of the production of 

these colours.^ 

He draws a diagram, correctly representing the 
reflection at the two surfaces of the film ; but here his 
'Clearness ends. He ascribes the colours to a coalescence 
or confusion of the two reflecting pulses ; the principal 
of interference being unknown to him, he could not go 
further in the way of explanation. 

§ 8. Newton^s Rings. Relation of Colour to 

Thickness of Film. 

In this way, then, by the active operation of different 
minds, facts are observed, examined, and tlie -^jt^^i^^ 
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conditions of their appearance determined. All such 
work in science is the prelude to other work ; and the 
eflForts of Boyle and Hooke cleared the way for the 
optical career of Newton. He conquered the difficulty 
which Hooke had found insuperable, and determined 
by accurate measurements the relation of the thickness 
of the film to the colour it displays. In doing this his 
first care was to obtain a film of variable and calculable 
depth. On a plano-convex glass lens (D B E, fig. 13} 
of very feeble curvature he laid a plate of glass (A C) 
with a plane surface, thus obtaining a film of air of 
gradually increasing depth from the. point of contact 




(B) outwards. On looking at the film in monochroma- 
tic light he saw, with the delight attendant on fulfilled 
prevision, surrounding the place of contact, a series of 
bright rings separated from each other by dark ones, 
and becoming more closely packed together as the dis- 
tance from the point of contact augmented (as in fig. 
14). When he employed red light, his rings had cer- 
tain diameters ; when he employed blue light, the 
diameters were less. In general terms, the more re- 
frangible the light the smaller were the rings. Causing 
his glasses to pass through the spectrum from red to 
blue, the rings gradually contracted ; when the passage 
was from blue to red, the rings expanded. This i& 
a beautiful experiment, and appears to have given 
Newton the most lively satisfaction. When white light 
fell upon the glasses, inasmucYv. a.^ >i)[i^ e-oYoxTt^ 'vere not 



nperposed, a series oHria-colcured circles was obtained, 
. magnified image of Newton's rings is now before 
DU, and, by employing in succession red> blue, and 
Slite light, we obtain all the effects observed by New- 
1. You notice that in monochromatic light the rings 
I closer and closer together as they recede from the 
itre. This is due to the fact that at a distance the 
Im of air thickens more rapidly than near the centre. 
ITien white light is employed, this closing up of the 
igB causes the various colours to be superposed, so 




kat after a certain thickness they are blended together 
[> white light, the rings then ceasing altogether. It 
ieeds but a moment's reflection to understand that 
9ie coloiu-s of thin plates, produced by white hght, are 
[lixed or monochromatic. 
Newton compared the tiuts obtained in this way 
fcth the tints of his soap-bubble, and he calculated the 
rreaponding thickness. How he did this may be thus 
J plain to you; Suppose the water of the ocean 
> be absolutely smooth ; it would then accurately re- 
resent the earth's curved surface. Let 
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horizontal plane touch the surface at any point. Know- 
ing the earth's diameter, any engineer or mathemati- 
cian in this room could tell you how far the sea's surfece 
will lie below this plane, at the distance of a yard, ten 
yards, a hundred yards, or a thousand yards from the 
point of contact of the plane and the sea. It is com- 
mon, indeed, in levelling operations, to allow for the 
curvature of the earth. Newton's calculation was pre- 
cisely similar. His plane glass was a tangent to his 
curved one. From its refractive index and focal dis- 
tance he determined the diameter of the sphere of 
which his curved glass formed a segment, he measured 
the distances of his rings from the place of contact, 
and he calculated the depth between the tangent plane 
and the curved surface, exactly as the engineer would 
calculate the distance between his tangent plane and 
the surface of the sea. The wonder is, that, where 
such infinitesimal distances are involved, Newton, with 
the means at his disposal, could have worked with such 
marvellous exactitude. 

To account for these rings was the greatest optical 
difficulty that Newton ever encountered. He quite 
appreciated the difficulty. Over his eagle eye there 
was no film — ^no vagueness in his conceptions. At the 
very outset his theory was confronted by the question, 
Why, when a beam of light is incident on a transparent 
body, are some of the light-particles refiected and some 
transmitted ? Is it that there are two kinds of parti- 
cles, the one specially fitted for transmission and the 
other for reflection ? This cannot be the reason ; for, 
if we allow a beam of light which has been reflected 
from one piece of glass to fall upon another, it, as a 
general rule, is also divided into a reflected and a 
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ismitted portion. The particles once reflected are 
always reflected, nor are the particles once trans- 
ted always transmitted. Newton saw all this ; he 
w he had to explain why it is that the self- same 
tide is at one moment reflected and at the next 
nent transmitted. It could only be through some 
nge in the condition of the 'particle itself. The 
-same particle, he aflBrmed, was aflFected by * fits ' of 
7 transmission and reflection. 

9. Theory of ^ Fits'* applied to Newton^s Rings. 

If you are willing to follow me in an attempt to 
?al the speculative groundwork of this theory of 

the intellectual discipline will, I think, repay you 
:he necessary effort of attention. Newton was chary 
stating what he considered to be the cause of the 

but there can hardly be a doubt that his mind 
ed on a physical cause. Nor can there be a doubt 
: here, as in all attempts at theorising, he was 
ipelled to fall back upon experience for the materials 
lis theory. Let us attempt to restore his course of 
aght and observation. A magnet would furnish 
I with the notion of attracted and repelled poles; 

he who habitually saw in the visible an image of 
invisible would naturally endow his light-particles 
1 such poles. Turning their attracted poles towards 
ansparent substance, the particles would be sucked 
md transmitted ; turning their repelled poles, they 
Id be driven away or reflected. Thus, by the 
iption of poles, the transmission and reflection of 

self-same particle at different times might be ac- 
ated for. 
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rouMJiIrr tlu^so yxw^a of Ncwtx)n as seen in ptKid 
li^ht : thov nro altonmtoly bright and dark. JbeSm 
til' lur (MMtoMpoiuliu^ to (ho outermost of them ii vt 
Hiii'lvor (hnu tin onlinary sotip-bubble, and it hfXfiM 
ih'wwwv ow appnvu'lung iho contro; still XewtoHfUl 
bnvo HMitU nu'usunMl tho thirkness corresponding ti 
pviM'v ri^K' *****' hIu»\v«h1 tho (liiTerence of thickn^ b^ 
fwnpii riu^i mill vin^. Now, mark the result. Fortk .. 
HuKt' of (MiuvouiouiM', h't us oall tlio thickness of dii|^ 
lllin ol' aiv rotrr8|H»uilin^ (o thu first dark ring <i;tba 
NpwIou Touuil tlu' iliHtanco oornm])onding to theMCQol|^ 
(linK riu^l! 1/ ; llio thiokuoss correHi)ondingto thethiri 
jIiiiK ring H f/ ; (ht»(hiokut»HH (H)rroHiM)ndingtotheteiitk 
iImiIi tin^ 10 1^ and ho on, Surely there must befool 
hiiMnii ntfMtnin^ in this litth^ distunee, d, which toroi 
ii|iMii (Minnhinllv V OntMNin imagine the intense intereA 
Willi wliii'li Nowton pondcrod its meaning. Obiene 
llin iiinlntltliMtuttMimoof his thought. He had endov^ 
liiM li^lil |ttii'lirlrs with |h)1os, but now he is forced to 
InlnMliiir (hn notion o{ penodlc recurrence. Herehii 
piiwiM' til' (iniiNt'tM' rn)m Iho st^isibh) to the subsensible 
wtiiild rriitltM' it tMiwy for him to suppose the light-paf' 
liflfM iniiiiuittMl, not only with a motion of translatioQi 
lull /iImii witli II motion of rotation. Newton's astrono- 
mitMtl UiHiwliMl^t« n^ndorod all such conceptions £Eiinilitf' 
It) him. 1'h<« t^arth has such a double motion. Intbe 
limi' tH'fiipif'd in {Hissing over a million and a half of 
milfs tif ilH t»rbit — that is, in twenty-four hours — our 
planet, performs a complete rotation ; and in the tim& 
n^piirecl to pass ovta* the distjince dy Newton's light- 
particle might \)i\ supposed to perform a complete 
rotiition. Tnui, the light-^Mirtichs is smaller than the 
planaif and the distanevi d, uvAivivs^l of being a million 
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d a half of miles, is a little over the ninety thousandth 
an inch. But the two conceptions are, in point of 
iellectual quality, identical. 

Imagine, then, a particle entering the film of air 
lere it possesses this precise thickness. To enter the 
tn, its attracted end must be presented. Within the 
oa it is able to turn once completely round ; at the 
her «ide of the film its attracted pole will be again 
esented; it will, therefore, enter the glass at the 
►posite side of the film arid be lost to the eye. All 
und the place of contact, wherever the film possesses 
is precise thickness, the light will equally disappear 
"We shall therefore have a ring of darkness. 

And now observe how well this conception falls in 
ith the law of proportionality discovered by Newton, 
ten the thickness of the film is 2 d, the particle has 
me to perform two complete rotations within the 
m ; when the thickness is 3 d, three complete rota- 
ons; when 10 d, ten complete rotations are per- 
rmed. It is manifest that in each of these cases, on 
riving at the second surface of the film, the attracted 
)le of the particle will be presented. It will, there- 
re, be transmitted ; and, because no light is sent to 
e eye, we shall have a ring of darkness at each of 
ese places. 

The bright rings follow immediately from the same 
nception. They occur between the dark rings, the 
icknesses to which they correspond being also inter- 
ediate between those of the dark ones. Take the 
se of the first bright ring. The thickness of the film 

■^ d ; in this interval the rotating particle can 
jrform only half a rotation. When, therefore, it 
aches the second surface of the film, its le^^W^^L^^^ 
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is presented ; it is, therefore, driven back and reaches 
the eye. At all distances round the centre correspond- 
ing to this thickness the same eflFect is produced, and 
the consequence is a ring of brightness. The other 
bright rings are similarly accounted for. At the second 
one, where the thickness is 1^ c2, a rotation and a half 
is performed ; at the third, two rotations and a half; 
and at each of these places the particles present their 
repelled poles to the lower surface of the film. They 
are therefore sent back to the eye, and produce there 
the impression of brightness. This analysis, though 
involving difficulties when closely scrutinised, enables 
us to see how the theory of fits may have grown into 
consistency in the mind of Newton. 

It has been already stated that the Emission Theory 
assigned a greater velocity to light in glass and water 
than in air or stellar space ; and that on this point 
it was at direct issue with the theory of undulation, 
which makes the velocity in air or stellar space greater 
than in glass or water. By an experiment proposed 
/by Arago, and executed with consummate skill by 
vJFoucault and Fizeau, this question was brought to a 
crucial test, and decided in favour of the theory of 
undulation. 

In the present instance also the two theories are at 
variance. Newton assumed that the action which pro- 
duces the alternate bright and dark rings took place at 
a single surface; that is, the second surface of the 
film. The undulatory theory affirms that the rings 
are caused by the interference of waves reflected firom 
both surfaces. This also has been demonstrated by 
experiment. By a proper arrangement, as we shall 
afterwards learn, we may abolish reflection from one of 
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the surfaces of the film, and when this is done the 
rings vanish altogether. 

Rings of feeble intensity are also formed by trans- 
mitted hght. Theae are referred by the undulatory ' 
theory to the interference of waves which have passed 
d/irectly through the film, with others which have 
suffered two reflections within the film, and are thus 
completely accounted for. 

§ 10. The Diffraction of Light. 

Newton's espousal of the Emission Theory is said to I 
have retarded scientiiic discovery. It might, however, 
be questioned whether, in the long run, the errors 
of great men have uot really their effect in rendering 
intellectual progress rhythmical, instead of permitting 
it to remain uniform, the ' retardation ' in each case 
being the prelude to a more impetuous advance. It is 
confusion and stagnation, rather than error, that we 
ought to avoid. Thus, though the undulatory theory 
was held back for a time, it gathered strength in the 
interval, and it-s development within the last half 
century has been so rapid and triumphant as to leave 
no rival in the field. We have now to turn to the 
investigation of new classes of phenomena, of which it 
alone can render a satisfactory accoimt. 

Newton, who was familiar with the idea of an ether, 
and who introduced it in some of his speculations, 
objected, as already stated, that if light consisted of 
waves shadows could not exist ; for that the waves 
would bend round the edges of opaque bodies and 
agitate the ether behind them. He was right in 
affirming that this bending ought to occur, but wrongs 
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in supposing that it does not occur. The bending is 
real, though in all ordinary cases it is masked h^ 
the action of interference. This inflection of the light 
receives the name of Diffraction, 

To study the phenomena of difiraction it is necessary 
that our source of light should be a physical point, 
or a fine line ; for when a luminous surfece is employed, 
the waves issuing from different points of the surface 
obscure and neutralize each other. A paint of light of 
high intensity is obtained by admitting the parallel rays 
of the sun through an aperture in a window-shutter, and 
concentrating the beam by a lens of short focus. The 
small solar image at the focus constitutes a suitable 
point of light. The image of the sun formed on the 
convex surface of a glass bead, or of a watch-glass 
blackened within, though less intense, will also answer. 
An intense line of light is obtained by admitting the 
sunlight through a slit and sending it through a 
strong cylindrical lens. The slice of light is contracted 
to a physical line at the focus of the lens. A glass tube 
blackened within and placed in the light, reflects from 
its surface a luminous line which, though less intense, 
also answers the purpose. 

In the experiment now to be described a vertical 
«?lit of variable width is placed in front of the electric 
lamp, and this slit is looked at from a distance through 
another vertical slit, also of variable aperture, and held 
in the hand. 

The light of the lamp being, in the first place, 
rendered monochromatic by placing a pure red glass in 
front of the slit, when the eye is placed in the straight 
line drawn through both slits an extraordinary appear- 
ance (shown in fig. 15) is observed. Firstly, the slit 
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in Jront of the lamp is seen ae a vivid rectangle of light ; 
bnt right and left of it is a long series of rectangles, 
decreasing in vividness, and separated from each other 
by intervals of absolute darkness. 

The breadth of these bands is seen to vary with the 
width of the slit held before the eye. When the slit 
is widened the bands become narrower, and crowd 
more closely together ; when the slit is narrowed, the 
individual bands widen and also retreat from each other, 




leaving between them wider spaces of darkness than 
before. 

Leaving everything else unchanged, let a blue glaaa 
or a solution of ammonia-sulphate of copper, which 
g;ives a very pure blue, be placed in the path of the 
light. A series of blue bands is thus obtained, exactly 
like the former in all respects save one; the blue 
rectangles are narrower, and they are closer together 
than the red ones. 

If we employ colours of intermediate refrangibilities, 
which we may do by causing the different colours of a 
spectrum to shine through the slit, we obtain bands of 
colom: intermediate in width, and occupying interme- 
diate positions, between those of the red and blue. The 
>ect of the bands in red, green, and violet light is 
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represented in fig. 16. When white light, iherefoie^ 
passes through the slit the various colours are not 
sux3erposed, and instead of a series of mouochromatie 
bands, separated from each other by intervals of dark- 
ness, we have a scries of coloured spectra placed sidft 




by side, VVhen the diMajit f^lit is illuminated by a 
candle flame, instead of the more intense electric light, 
or when a distant platinum wire raised to a white heat 
by an electric current is employed, substantially the 
same eGTects are observed. ^^M 

5 11. Application of the Wave-theory to the^^^ 
Phenomena of Diffraction. 

Of these and of a multitude of similar effects the 
Emission Theory is incompetent to offer any satisfactory 
explanation. Let us see how they are accounted for by 
the Theory of Undulation. 

And here, with the view of reaching absolute clear- 
ness, I must make an appeal to that faculty the 
importance of which I have dwelt upon so earnestly 
here and elsewhere — the faculty of imagination. Figure 
yourself upon the sea-ahore, with a well-formed wave 
advancing. Take a line of particles along the front at 
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le wave, all at the same distance below the crest ; they 
e all rising in the same manner and at the same rate, 
ake a similar line of particles on the back of the wave, 
ley are all fsilling in the same manner and at the 
me rate. Take a line of particles along the crest, 
ey are all in the same condition as regards the motion 
the *wave. The same is true for a line of particles 
the furrow of the wave. 

particles referred to in each of these cases re- 
rely, being in the same condition as regards the 
of the wave, are said to be in the same phase 
f^tdbration. But if you compare a particle on the 
ant of the wave with one at the back ; or, more 
sneorally, if you compare together any two particles 
Dt occupjdng the same position in the wave, their 
3nditions of motion not being the same, they are said 
be in different phases of vibration. If one of the 
•articles lie upon the crest, and the other on the furrow 
)f the wave, then, as one is about to rise and the other 
ibout to fall, they are said to be in opposite phases of 
•vibration. 

There is still another point to be cleared up — and 
^t IS one of the utmost importance as regards our 
;>resent subject. Let (fig. 17) be a spot in still water 
chichi, when disturbed, produces a series of circular 
^aves: the disturbance necessary to produce these 
^aves is simply an oscillation up and down of the water 
t 0. Let m 71 be the position of the ridge of one of 
he waves at any moment, and ra' n' its position a 
^cond or two afterwards. Now every particle of water, 
*^ the wave passes it, oscillates, as we have learned, up 
^d down. If, then, this oscillation be a sufficient 
Hgin of wave-motion, each distinct paxtiel^ oi l\\ft 
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PRINCIPLE OF HUYGHEHS. 8S 

the wave which Jills the slit is itself a centre of a neiu 
wme syBtem which is transmitied in all directions 
through the ether behind the slit. This ia the cele- 
brated prmeiple of Huyghens : we have now to examine 
how these secondary waves act upon each other. 

Let us first regard the central band of the series. 
LetAP (fig. 18) be the width of the aperture held be- 
fore the eye, grossly exaggerated of course, and let the 
dots across the aperture represent ether particles, all 



ia the same phase of vibration. Let E T represent a 
portion of the retina. From O, in the centre of the 
sht, let a perpendicular R be imagined drawn upon 
the retina. The motion communicated to the point R 
will then be the sum of all the motions emanating in 
this direction from the ether particles in the slit. 
Considering the extreme narrowness of the aperture, we 
may, without sensible error, regard all points of the 
wave A P as equally distant from R. No one of the 
partial waves lags sensibly behind the others: hence, 
at R, and in its immediate neighbourhood, we have no 
sensible reduction of the light by interference, ThU' 
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undiminished light produces the briUiant central band 
of the series. 

Let us now consider those waves which diverge 
laterally behind the second slit. In this case the waves 
from the two sides of the slit have, in order to converge 
upon the retina, to pass over unequal distances. Let 
A P (fig. 19) represent, as before, the width of the 
€econd slit. We have now to consider the action of 
jthe various parts of the wave A P upon a point E'of 
the retina, not situated in the line joining the two slits. 

Fig. 19. 

A»' Oaf r 




Let us take the particular case in which the diflference 
of path from the two marginal points A, P, to the retina 
is a whole wave-length of the red light ; how must this 
difference affect the final illumination of the retina ? 

Let us fix our attention upon the particular oblique - 
line that passes through the centre of the slit to the 
retina at K'. The difference of path between the waves 
which pass along this line and those from the two 
margins is, in the case here supposed, half a wave- 
length. Make e E' equal to P E', join P and e, and 
€iraw 6^ parallel to P e. A e is then the length of a. 
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wave of light, while A d is lialf a wave-length. Now 
the least reflection will make it clear that not only 
b there discordance between the central and marginal 
waves, but that every line of waves such as a: B', on 
tie one side of K', finds a line x' R' upon the other 
side of E', from which its path differs by half an 
undulation — with which, therefore, it is in complete 
discordance. The consequence is, that the light on the 
one side of the central line will completely abolish the 
light on the other side of that line, absolute darkness 
^eing the result of their coalescence. The first dark 
iDteival of our series of bands is thus accounted for. 
Jt is produced by an obliquity of direction which causes 
the paths of the marginal waves to be a whole wave- 
'■^Ugth different from each other. 

When the difference between the imtha of the mar- 
Sinal waves is half a wave-length, a partial destruction 
of the light is effected. The luminous intensity corre- 
sponding to this obliquity is a little less than one-half 
— accurately 0'4 — that of the undiffracted hght. 

If the paths of the marginal waves be three semi- 
ondnlations different from each other, and if the whole 
beam be divided into three equal parts, two of these 
parts will, for the reasons just given, completely neu- 
tralize each other, the third only being effective. 
Corresponding, therefore, to an obliquity which pro- 
duces a difference of three semi-undulations in the 
marginal waves, we have a luminous band, but one 

considerably less intensity than the undiffracted 
iatral hand. 

With a marginal difference of path of four semi- 
idulations weliavfe A second extinction of the entire 

m, because here the beam can be di\iAfei toVo ^ti\? 



equal parts, every two of which quench each other. 
A second space of absolute darkness will therefore 
correspond to the obliquity producing this difference. 
In this way we might proceed furt.her, the general 
result being that, whenever the direction of wave- 
motion is such as to produce a marginal difference 
of path of an even niunber of semi-undulations, w« 
have complete extinction; while, when the inargiii^ft.1 
difference is an odd number of semi- undulations, w^« 
r have only partial extinction, a portion of the beax^o 
I remaining as a luminous band. 

A n[ioment'3 reflection will make it plain that th»-e 
wider the slit the less will be the obliquity of direction, 
needed to produce the necessary difference of patti- 
With a wide slit, therefore, the bands, as observec3» 
will be closer together than with a narrow one. It 
' is also plain that the shorter the wave, the less wil' 
be the obliquity required to produce the necessary 
retardation. The maxima and minima of violet light 
must therefore fall nearer to the centre than the maxima 
and minima of red light. The maxima and minima of 
the other colours fall between these extremes. In this 
simple way the uudulatory theory completely accounts 
for the extraordinary appearance above refeiTed to. 

When a slit and telescope are used, instead of the 
slit and naked eye, the effects are magnified and ren- 
dered more brilliant. Looking, moreover, through a 
properly adjusted telescope with a small circular aper- 
ture in front of it, at a distant point of light, the point 
I ia seen encircled by a series of coloured bands. If 
I monochromatic light be used, these bands are simply 
t and dark, but with white light the circles display 
ie-colows. If a slit be slioitened ■io a,s t« form a 
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sqnare aperture, we have two series of spectrd at righ) 
angles to eaeli other. The effects, indeed, are capabl 
0/ endless variation by varying the size, shape, ani^ 
number of the apertures through which the point i 
"gh-t is observed. Through two square apertures, with 
their comers touching each other as at A, Schwerd 
observed the appearance shown in fig. 20. Adding two 




others to them, as at B, he observed the appearance 
represented in fig. 21, The position of every band 
of light and shade in such figures has been calculated 
from theory by Fresnel, Fraunhofer, Herschel, Schwerd, 
and others, and completely verified by experiment. 
Your eyes could not tell you with greater certainty of 
the eiistence of these bands than the theoretic calcu- 
lation. 
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The street-lamps at night, looked at through the 
meshea of a handkerchief, show diSraction phenomena. 
The diffraction effects obtained in looking through a 
bird's feathers are, as shown by Schwerd, very briliiant, 
The iridescence of certain Alpine clouds is also an 
effect of diffraction which may be imitated by the 
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spores of Lycopodnmi \\ hen shaken over a glass 
plate these spores cause a pfint of light, looked at 
through the du-.ted plate, to be surrounded by coloured 
circles, which rise to actual splendour when the light 
becomes intense. Shaken in the air the spores produce 
the same effect. The diffraction phenomena obtained 
daring the artificial precipitation, of clouds from the 
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vapours of various liqioids in an intensely ilhiminated 
tube are, as I have elsewhere shewn, exceedingly fine. 

One of the most interesting cases of diffraction, by 
small particlea that ever came before me was that of 
an artist whose vision was disturbed by vividly coloured 
circles. He was in great dread of losing his sight; 
assigning as a cause of his increased fear that the 
circles were becoming larger and the colours more 
rivid. I ascribed the colours to minute particles in 
the humours of the eye, and ventured to encourage 
aim by the assurance that the increase of size and 
*^vidness on the part of the circles indicated that the 
diffracting particles were becoming smaller, and that 
they might finally be altogether absorbed. The predic- 
tion was verified. It ia needless to say one word on the 
i^ecessity of optical knowledge in the case of the prac- 
Wcal oculist. 

Without breaking ground oq the chromatic pheno- 
tQena presented by crystals, two other sources of colour 
may be mentioned here. By interference in the earth's 
atmosphere, the light of a star, as shown by Arago, is 
Self-extinguished, the twinkling of the star and the 
changes of colour which it undergoes being due to this 
cause. Looking at such a star through an opera- 
glass, and shaking the glass so as to cause the 
im^e of the star to pass rapidly over the retina, 
you produce a row of coloured beads, the spaces 
between which correspond to the periods of extinction. 
Fine scratches drawn uiion glass or polished metal 
reflect the waves of light from their sides ; and some, 
being reflected from the opposite sides of the same 
m. flcratch, interfere with and quench each other. Hut the 
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waves does not extinguish the longer ones, hence the 
phenomena of colours. These are called the colours of 
striated surfaces. They are beautifully illustrated by 
mother-of-pearl. This shell is composed of exceedingly 
thin layers, which, when cut across by the polishing of 
the shell, expose their edges and furnish the necessary 
small and regular grooves. The most conclusive proof 
that the colours are due to the mechanical state of the 
surfece is to be found in the fact, established by 
Brewster, that by stamping the shell carefully upon 
black sealing-wax, we transfer the grooves, and produce 
upon the wax the colours of mother-of-pearl. 




LECTURE III. 



^V§ 1. Denaalion of Theoretic Conceptiona from 
Experience, 

Oke of the objects of our last lecture, and that not the 
least important, was to illustrate the manner in which 
scdeotific theories are formed. They, in the first place, 
take their rise in the desire of the mind f.o penetrate 
to the sources of phenomena. From its infinitesimal 
beginnings, in ages long past, this desire has grown 
&nd strengthened into an imperious demand of man's 
intellectual natm-e. It long ago prompted Ca?sar to 
say that he would exchange his victories for a glimpse 
of the sources of the Nile; it wrought itself into the 
atomic theories of Lucretius; it impelled Darwin to 
those daring speculations which of late years have 
80 agitated the pubHc mind. But in no ca.^,"«V\.\\fe 
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framing theories, does the imagination create its. 
materials. It expands, dimimBhes, moulds, and refines, 
as the case may be, materials derived from the world' 
of fact and observation. 

Tbis is more evidently the case in a theory like 
that of light, where the motions of a suheensible 
medium, the ether, are presented to the mind. Bat 
no theory escapes the condition. Newton took care 
not to encumber the idea of gravitation with unneces- 
sary physical conceptions ; but we know that he in- 
dulged in them, though he did not connect them with 
his theory. But even the theory, as it stands, did not 
enter the mind as a revelation dissevered from the 
world of experience. The germ of the conception that 
the sun and planets are held together by a force of 
attraction is to be found in the fact that a magnet had 
been pre\-iously seen to attract iron. The notion of 
matter attracting matter came thus from without, not 
from within. In our present lecture the magnetic 
force must serve as the portal into a new domain; 
but in the first place we must master its elementary 
phenomena. 

The general facts of magnetism are most simply 
illustrated by a magnetized bar of steel, commonly 
called a bar magnet. Placing such a magnet upright 
upon a table, and bringing a magnetic needle near its 
bottom, one end of the needle is observed to retreat 
from the magnet, while the other as promptly ap- 
proaches. The needle is held quivering there by Bome 
invisible influence exerted upon it. Raising the needle 
along the magnet, but still avoiding contact, the ra- 
pidity of its oscillations decreases, because the force 
acting upon it becomes weaker. .\.t the centre the oscil- 
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wtiions cease. Above the centre, the end of the needle 
liich had been previously drawn towards the magnet 
^treats, and the opposite end approaches. As we as- 
Slid higher, the oscillations become more violent, 
^cause the force becomes stronger. At the upper end 
f the magnet, as at the lower, the force reaches a 
iiarimum ; but all the lower half of the magnet, from 
2 to S (fig. 22), attracts one end of the needle, while 
11 the upper half, from E to N, attracts the opposite 
nd. This doubleness of the magnetic force is called 

Fig. 22. 
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)olarity, and the points near the ends of the magnet in 
rhich the forces seem concentrated are called its poles. 
What, then, will occur if we break this magnet in 
wo at the centre E ? Shall we obtain two magnets, 
ach with a single pole ? No ; each half is in itself a 
erfect magnet, possessing two poles. This may be 
roved by breaking something of less value than the 
lagnet — the steel of a lady's stays, for example, 
ardened and magnetized. It acts like the magnet. 
TTien broken, each half acts like the whole •, aivd ^\i^w 
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tiheae parts are again faroken. we have still the perfeii 
magnet. jKts^essiiig., as in the first instance, two poki. 
Push Tonr breaking to its utmost sensible limit— jai 
cannot Ktoji there. The bias derived from obsenataA 
will infalliblv carrv von beyond the bonme of tJ»1 
senses, and eomjtel yon to regard this thing that ie 
call magDetic polaritv as resident in the oltimatB 
particles of the steeL Yon oome to the conclusion that 
each moleciile of the magnet is endowed with iW 
polar force. 

Like all other forces, this force of magnetism is^ 
amenable to mechanical laws ; and, knowing the direc- 
tion and magnitude of the force, we can predict its 
action. Placing a small magnetic needle near a bar 
magnet, it takes a determinate position. That position 
might be deduced theoretically finom the mutual action | 
of the poles. Moving the needle round the magnet, 
for each point of the surrounding space there is a 
definite direction of the needle and no other. A needle 
of iron will answer as well as the magnetic needle ; for 
the needle of iron is magnetized by the magnet, and 
acts exactly like a steel needle independently magne- 
tized. 

If we place two or more needles of iron near the 
magnet, the action becomes more complex, for then 
the needles are not only acted on by the magnet, bul 
they act upon each other. And if we pass to smallei 
masses of iron — to iron filings, for example — we fin( 
that they act substantially as the needles, arrangin( 
themselves in definite forms, in obedience to the mag 
netic action. 

Placing a sheet of paper or glass over a bar magne 
and showering iron filings ui^u the pa^^r, I notice 
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dencj of the filings to arrange themselves in de- 
****i-ninate lines. They cannot freely follow this ten- 
i^^siicy, for they are hampered by the friction against 
P**© paper. They are helped by tapping the paper ; 
•■ct tap releasing them for a moment, and enabling 
j^iem to follow their tendencies. But this is an experi- 
?^»etit which can only be seen by myself. To enable 
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you all to see it, I take a pair of small magnets and 
by a simple optical arrangement throw the magnified 
images of the magnets upon the screen. Scattering 
iron filings over the glass plate to which the small 
magnets are attached, and tapping the plate, you see 
the arrangement of the iron filicga in those magnetic 
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curves which have been so long familiar to 8aiienli£e 
men (fig. 23). 

(By a very ingenious device, Professor Majer, of 
Hoboken, has succeeded in fixing and photogiaphjiigiibft 
magnetic curves. I am indebted to bis kindfiesB {or 
the annexed beautiful illustration, fig. 24.) 

The aspect of these curves so fascinated -iPluadaj 
that the greater portion of his intellectual life ^raa de- 
voted to pondering over them. He invested the space 
through which they run with a kind of materialitf; 
and the probability is that the progress of BGiexice,by 
connecting the phenomena of magnetism with the 
luminiferous ether, will prove these 'lines of force,' 88 
Faraday loved to call them, to represent a condition of 
this mysterious substratum of all radiant action. 

It is not, however, the magnetic curves, as inioh,bat 
their relationship to theoretic conceptions, that we have 
now to consider. By the action of the bar magnet upon 
the needle we obtain the notion of a polar force ; by the 
breaking of the strip of magnetized steel we attain the 
notion that polarity can attach itself to the ultimate 
jmrticles of matter. The experiment with the iron 
filings introduces a new idea into the mind ; ih,e idea, 
namely, of atriictiiral arrangement. Every pair of 
filings possesses four poles, two of which are attractive 
and two repulsive. The attractive poles approach, the 
repulsive poles retreat; the consequence being a certain 
definite arrangement of the particles with reference to 
each other. 

§ 2. Theoiy of Gi^stallization. 

Now this idea of structure, as produced by polar 
tbrcBf opena a way for the mtellect \tvto an entirely new 
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region, iinti the re«Bon you are asked to 
into this region is, that our next inqmiy relates tal 
action of cryatwls u^wn light. Prior to speaking of tKr 
action, 1 wiah yon to realise intellectually the procea 
of oryBtalline arch it ei^t lire. Look then into a granite I 
([UfUTy, and wpend a few minutes in examining tht 
roi'lc. It is not of perfectly uniform texture. 
rather an agglomeration of pieces, which, on 
tii>n, present ciuiously defined forma. You h 
what mineralogiats call quartz, you have felspar, job 
have mica. In a mineralogical cabinet, where tbeM 
HuhHtances are preserved separately, you will obtsin 
■ome notion of their forma. You will see there, also, 
specimens of beryl, topaz, emerald, tourmaline, hesvy 
Hjiar, fluor-spar, Iceland spar^possibly a full-fonned 
lUaiiiond, as it quitted the hand of Nature, not jet 
having got into the hands of the lapidary, 

These crystals, you will observe, are put togetha 
according to law ; they are not chance prodnctifflu 
and, if you care to examine them more minutely, yW 
will find their architecture capable of being to some 
extent revealed. They often split in certain directioni 
before a knife-edge, exposing smooth and shining 
Burfuoea, which are called planes of cleavage ; and b; 
following theae planes you sometimes reach an intemsl 
form, disguised beneath the external form of t!ie 
crystal. Ponder theae beautiful edifices of a hidden 
builder. You cannot "help asking yom-aelf how thej 
were built ; and fiimiliar as you now are with the 
notion of a polar force, and the ability of that force 
produce structural arrangement, your inevitable aaswet 
will be, that those crystals are built by the play 
polar forces with wbicti ttew Tn-oVtcvAea ace endowed. 
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,ue of these forces, molecule lays itself to moie- 
in a perfectly definite way, the final visible form 
of the crystal depending upon this play of its ultimate 
particIeB. 

Everywhere in Nature we observe this tendency to 
nm into definite forms, and nothing is easier than to 
give Bcope to this tendency by artificial arrangements. 
Dissolve nitre in water, and allow the water slowly to 
evaporate ; the nitre remains and the solution soon 
Iwcomes so concentrated that the liquid condition can 
10 longer be preserved. The nitre-molecules approach 
each other, and come at length within the range of 
tLeir polar forces. They arrange themselves in obedi- 
ence to these forces, a minute crystal of nitre being at 
first produced. On this crystal the molecules continue 
to deposit themselves from the surrounding Hquid. 
The crystal grows, and finally we have large prisms of 
nitre, each of a perfectly definite shape. Alum crys- 
tallizes with the utmost ease in this fashion. The 
resultant, crystal is, however, different in shape from 
that of nitre, because the poles of the molecules are 
differently disposed. When they are nursed with 
proper care, crystals of these substances may be caused 
to grow to a great size. 

The condition of perfect crystallization is, that the 
crystallizing force shall act with deliberation. There | 
should be no hurry in its operations ; but every mole- 
cule ought to be permitted, without disturbance from i 
its neighbours, to exercise its own rights. If the crya- j 
tallization be too sudden, the regularity disappears. 1 
Water may be saturated with sulphate of soda, dissolved 
when the water is hot, and afterwards permitted to cool. 
n cold the solution is supersaturated j that is to sa;^ 1 
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more solid matter is contained in it than correaponda to 
its temperature. Still the molecules show no sign of 
building themselves together. 

This is a very remarkable, though a very common 
fact. The molecules in the centre of the liquid are a© 
hampered by the action of their neighbours that 
freedom to follow their own tendencies is denied to 
them. Fix your mind's eye upon a molecule withia 
the mass. It wishes to unite with its neighbour to 
the right, but it wishes equally to maite with its neigh- 
bour to the left; the one tendency neutralizes the 
other and it unites with neither. But, if a crystal of 
sulphate of soda be dropped into the solution, the 
molecular indecision ceases. On the crystal the ad- 
jacent molecules will immediately precipitate them- 
selves; on these again others will be precipitated, anii 
this act of precipitation will continue from the top of 
the flask to the bottom, until the solution has, as far aa 
possible, assumed the solid form. The crystals here 
produced are small, and confusedly arranged. The 
process has been too hasty to admit of the pure and 
orderly action of the crystallizing force. It typifies the 
state of a nation in which natural and healthy change 
is resisted, until society becomes, as it were, super- 
saturated with the desire for change, the change being 
then effected through confusion and revolution. 

Let me illustrate the action of the crystallizing 
force by two examples of it : Nitre might be employed, 
but another well-known substance enables me to make 
the experiment in a better form. The substa,nce ia 
common sal-ammoniac, or chloride of ammonium, dis- 
solved in water. Cleaasing perfectly a glass plate, the 
^ntion of the chloride is poured over the glass, to 
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when the plate is set on edge, a thin film of the 
adheres. Warming the glass slightly, evapora- 
promoted, but by evaporation the water only is 
ed. The plate is then placed in a solar micro- 
and an image of the film is thrown upon a white 
. The warmth of the illuminating beam adds 
tx) that already imparted to the glass plate, so 
fter a moment or two the dissolved salt can no 
exist in the liquid condition. Molecule then 
with molecule, and you have a most impressive 
J of crystallizing energy overspreading the whole 
. You may produce something similar if you 
le upon the frost ferns which overspread your 
.r-panes in winter, and then observe throngh 
ket lens the subsequent recongelation of the 

this case the crystallizing force is hampered by 
hesion of the film to the glass ; nevertheless, the 
F power is strikingly beautiful. Sometimes the 
s start from the edge of the film and run through 
tt that edge ; for, the crystallization being once 
I, the molecules throw themselves by preference 
5 crystals already formed. Sometimes the crys- 
art from definite nuclei in the centre of the 
3very small crystalline particle which rests in 
oa furnishing a starting-pointy Throughout the 
3 you notice one feature which is perfectly un- 
)le, and that is, angular magnitude. The spiculse 
L from the trunk, and from these branches others 

but the angles enclosed by the spiculse are 
rable. In like manner you may find alum- 
s, quartz-crystals, and all other crystals, dis- 

in shape. They are thus far at t\ie mete:^ cS. 
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the accidents of crystallization ; but in one particular 
they assert their superiority over all auch accidents— 
angular magnitude is always rigidly preserved. 

My second example of the action of crystalliang 
force is this : By sending a voltaic current through a 
liquid, you know that we decompose the liquid, and if 
it contains a metal, we liberate this metal by electro- 
lysis. This small cell contains a solution of acetate of 
lead, which is chosen for our present purpose, because 
lead lends itself freely to this crystallizing power. Into 
the cell are dipped two very thin platinum wires, and 
these are connected by other wires with a small voltaic 
battery. On sending the voltaic current through the 
solution, the lead will be slowly severed from the 
atoms with which it is now combined ; it will te 
liberated upon one of the wires, and at the moment of 
its liberation it will obey the polar forces of its atoms, 
and produce crystalline forms of exquisite beauty. 
They are now before you, sprouting like ferns from the 
wire, appearing indeed like vegetable growths rendered 
so rapid as to be plainly visible to the naked eye. On 
reversing the current, these wonderful lead-fronda will 
dissolve, while from the other wire filaments of lead 
dart through the liquid. In a moment or two the 
growth of the lead-trees recommences, but they now 
cover the other wire. 

In the process of crystallization, Nature first reveals 
herself as a builder. Where do her operations atop? 
Does she continue by the play of the same forces to 
form the vegetable, and afterwards the animal ? What^ 
ever the answer to these questions may be, trust me- 
that the notions of the coming generations regarc 
this mysterious thing, whicb some have called ' brute- 
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^^^•*^t«r,' will be very different from those of the 
^^^^^lations past. 

^here is hardly a more beautiful and instructive 

[^"^^Xxiple of this play of molecular force than that 

^^y^^'^^ished by water. You have seen the exquisite fem- 

^ forms produced by the crystallization of a film 

"Water on a cold window-pane.* You have also pro- 

^^^l>ly noticed the beautiful rosettes tied together by 

^*x^ crystallizing force during the descent of a snow- 

^*iower on a very calm day. The slopes and smnmits 

^^ the Alps are loaded in winter with these blossoms 

^^f the frost. They vary infinitely in detail of beauty, 

'^'^xt the same angular magnitude is preserved through- 

^tit : an inflexible power binding spears and spiculae to 

^Ixe angle of 60 degrees. 

The common ice of our lakes is also ruled in its 
fonnation by the same angle. You may sometimes 
See in freezing water small crystals of stellar shapes, 
each star consisting of six rays, with this angle of 60° 
between every two of them. This structure may be 
i^evealed in ordinary ice. In a sunbeam, or, failing 
that, in our electric beam, we have an instrument 
delicate enough to unlock the frozen molecules, with- 
out disturbing the order of their architecture. Cutting 
from clear, sound, regularly frozen ice, a slab parallel 
to the planes of freezing, and sending a sunbeam 
through such a slab, it liquefies internally at special 
points, roimd each point a six-petalled liquid flower of 
exquisite beauty being formed. Crowds of such flowers 
are thus produced. From an ice-house we sometimes 
take blocks of ice presenting misty spaces in the 

» The beautiful plumes produced by water-crystallization have 
been successfully photographed by Professor Lockett. 
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otherwise continuous mass ; and when we inquire into 
the cause of this mistiness, we find it to be due to 
myriads of small sis-pefalled flowers, into which the 
ice has been resolved by the mere heat of conduction, 

A moment's further devotion to the crystallization, 
of water will be well repaid j for the sum of qualities 
which renders this eubstance fitted to play its part in 
Nature may well excite wonder ajid stimulate thought. 
Like almost all other substances, water is expanded by 
heat and contracted by cold, I^et this expansion and 
contraction be first illustrated : — 

A small flask is filled with coloured water, and 
stopped with a cork. Through the cork passes a glass 
tube water-tight, the liquid standing at a certain 
height in the tube. The flask and its tube resemble 
the bulb and stem of a thermometer. Applying the 
heat of a spirit-lamp, the water rises in the tube, 
and finally trickles over the top. Expansion by heat is 
thus illustrated. 

Removing the lamp and pihng a freezing mixture 
round the flask, the liquid column falls, thus showing 
the contraction of the water by the cold. But let 
the freezing mixture continue to act: the falling of 
the column continues to a certain point ; it then 
ceases. The top of the column remains stationary for 
some seconds, and afterwards begins to rise. The con- 
traction has ceased, and expansion by cold seta in. 
Let the expansion continue till the liquid trickles a 
second time over the top of the tube. The freezing 
mixture has here produced to all appearance the same 
effect as the flame. In the case of water, eontractioQ 
by cold ceases, and exjiansion by cold sets in at the 
deEnite temperature of 39° Fahr. Crystallization baa 
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■ virtually here commenced, the molecules preparing 
I themselves for the subsequent act of solidification, 
I which oecurs at 32°, and in which the expansion sud- 
I denly culminates. In virtue of this expansion, ice, as 
I you know, is lighter than water in the proportion of 
r 8 to 9.' 

A molecular problem of great interest is here in- 
volved, and I wish now to place before yon, for the 
satisfaction of your minds, a possible solution of the 
problem : — 

Consider, then, the ideal case of a number of 
magnets deprived of weight, but retaining their polar 
forces. If we had a mobile liquid of the specific 
gravity of steel, we might, by making the magnets 
float in it, realize this state of things, for in such a 
liquid the magnets would neither sink nor swim. Now, 
the principle of gravitation enunciated by Newton is 
that every particle of matter, of every kind, attracts 
every other particle with a force varying inversely as 
the square of the distance. In virtue of the attraction 
of gravity, then, the magnets, if perfectly free to move, 
would slowly approach each other. 

But besides the unpolar force of gravity, which 
' In a little volume entitled ' Forms of Water,' I have mentioned 
that cold iron floats upon molten iron. In company with mj friend 
Sir William Annatrong, I had repeated opportunities of witnessing 
this fact in his worlcs at Elswick, 1863. Faraday, I remember, spoke 
to me subsequently of the perfection of iron castings as probably due 
to the swelling of the metaJ on solidiGoation, Beyond this, I have 
g^ven the sabject no special attention ; and I know that many in- 
telligent iron-founders doubt the fact of espansion. It ia quite 
possible, that the solid floats hecaune it is not rrelteil by the molten 
iron, its volume being virtuallj angmented by capillary repulsion. 
CeitaiD flies wait freely upon water in virtue of an action of this 
kind. With bismuth, howeyer, it is eiiriy lo burst iron bottles by 
the force of solidilication. 
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belongs to matter iu genenil, the magnets are endowed 
with the polar tbn.*e of magnetism. For a time, how- 
ever, the polar forces do not oome sensibly into ^y, 
In this condition the magnets resemble our water- 
molecules at the temperature say of 50\ Bnt the 
magnets come at length sufficiently near each other 
to enable their ^)oles to interact. From this point the 
action ceases to be solely a general attraction of the 
masses. Attractions of s^H^cial points of the masses 
and repulsions of other points now come into play; 
and it is easy to see that the rearrangement of the 
magnets consequent ui>on the introduction of these 
new forces may be such as to require a greater amount 
of room. This, I take it, is the case with our water- 
molecules. Like oiu: ideal magnets, they approach each 
other for a time aat tvholes. Previous to reaching the 
temperature 39^ Falu:., the polar forces had doubtless 
begim to act, but it is at this temperature that their 
claim to more room exactly balances the contraction due 
to cold. At lower temjHjratures, as regards change of 
volume, the polar forces predominate. But they carry on 
a struggle with the force of contraction until the freez- 
ing temperature is attained. The molecules then close 
up to form solid crystals, a considerable augmentation 
of volume being the immediate consequence. 

§ 3. (h^inavy Refraction of Light explained by 

the Wave Theoiy. 

We have now to exhibit the bearings of this act of 
crystallization upon optical phenomena. According to 
the undulatory theory, the velocity of light in water 
and glass is less than in air. Cou^ider^ then, a small por- 
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tdon of a wave issuing from a point of light so distant 
tiiat the minute area may be regarded as practically 
plane* Moving vertically downwards, and impinging on 
a horizontal surface of glass or water, the wave would go 
through the medium without change of direction. As, 
however, the velocity in glass or water is less than the 
velocity in air, the wave would be retarded on passing 
into the denser medium. 

But suppose the wave, before reaching the glass, to 
be oblique to the surface ; that end of the wave which 
first reaches the medium will be the first retarded by 




it, the other portions as they enter the glass being 
retarded in succession. It is easy to see that this 
retardation of the one end of the wave must cause it 
to swing round and change its front, so that when the 
wave has folly entered the glass its course is oblique 
to its original direction. According to the undulatory 
theory, light is thus refracted. 

With these considerations to guide us, let us follow 
the course of a beam of monochromatic light through 
our glass prism. The velocity in air is to its velocity in 
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glass as 3 : 2. Let A b c (fig. '25) he the section of our 
prism, and a b the section of a plane wave approach- 
ing it in the direction of the arrow. When it reaches 
c d, one end of the wave is on the jxiint of entering the 
glass. Following it still farther, it is obvious that 
while the portion of the wave still in the air pasaes 
over the distance c e, the wave in the glass will have 
passed over only two-thirds of this distance, or d f. 
The line e / now marks the front of the wave. Im- 
mersed wholly in the glass it. pursues its way to g k, 
where the end g of the wave ia on the point of escaping 
into the air. During the time required by the end A 
of the wave to pass over the distance k k f-o the aurfece 
of the prism, the other end g, moving more rapidly, 
will have reached the point i. The wave, therefore, 
has again changed its front, so that after its emergence 
from the prism it will pass on to i m, and subsequentlj 
in the direction of the arrow. The reliraction of the 
beam is thus completelyaccounted for; and it is, more- j 
over, based upon actual experiment, which proves that 
the ratio of the velocity of light in glass to its velocity I 
in air is that here mentioned. It is plain that if the 
change of velocity on entering the glass were greater, 
the refraction also would be greater. 

4. Dcriihle Refraction of LlgM explained by the 
Wave Theory. 

The two elements of rapidity of propagation, both 
of sound and light, in any substance whatever, are 
elasticity and dejieity, the speed increasing with the 
former and diminishing with the latter. The enormous 
velocity of light in stellar space ia attainable becauee 
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the ether ia at the same time of infinitesimal density 
and of enormous elaatieity. Now the ether smroimdB 
the atoms of all bodies, but it is not independent of them. 
In ponderable matter it acts as if its density were in- 
creased without a proportionate increase of elasticity ; 
and this accounts for the diminished velocity of light 
in refracting bodies. We here reach a point of cardinal 
importance. In virtue of the crystalline architecture 
that we have been considering, the ether in many 
crystals possesses different densities, and different 
elaaticities, in different directions ; the consequence is, 
that in such crystals light is transmitted with different 
velocities. And as refraction depends wholly upon the 
change of velocity on entering the refracting medium, 
being greatest where the change of velocity is greatest, 
we have in many crystals two difi'erent refractions. By 
such crystals a beam of light ia divided into two. This 
effect is called double refraction. 

In ordinary water, for example, there is nothing 
in the grouping of the molecules to interfere with the 
perfect homogeneity of the ether ; but, when water 
crystallizes to ice, the case is difi'erent. In a plate of ice 
the elasticity of the ether in a direction perpendicular 
to the surfece of freezing is different from what it is 
X>arallel to the surface of freezing ; ice is, therefore, a 
double refracting substance. Double refraction is dis- 
played in a particularly impressive manner by Iceland 
Bpar, which is crystallized carbonate of lime. The 
difference of ethereal density in two directions in this 
crystal is very great, the separation of the beam into 
the two halves being, therefore, particularly striking. 
I am unwilling to quit this subject before raising 
to unmistakable clearness in your minds. The 




vibrations of light being franaversal, the elasticity con- 
cerned in the propagation of any ray is the elasticity at 
right angles to the direction of propagation. In Iceland 
spar there is one direction round which the crystalline 
molecules are symmetrically built. This direction is 
called the axis of the crystal. In consequence of this 
symmetry the elasticity is the same in all directions 
perpendicular to the axis, and hence a ray transmitted 
along the axis suffers no double refraction. But the 
elasticity along the axis is greater than the elasticity 
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at right anglea to it. Consider, then, a system of 
waves crossing the crystal in a direction perpendicular 
to the axis. Two directions of vibration are open to 
such waves ; the ether particles can vibrate parallel to 
the axis or perpendicular to it. They do both, and 
hence immediately divide themselves into two systems 
propagated with different velocities. Double refraotion 
is the necessary consequence. 

By means of Iceland spar cut in the proper direction, 
double refraction is capable of easy illustration. Caudng 
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e beam which bmlds the image of our carbon- points 

pass through the spar, the single image is instantly 

^iTided into two. Projecting (by the lens E, fig. 26) 

^cud image of the aperture (L) through which the light 

iuasues from the electric lamp, and introducing the spar 

(I^), two luminous disks (E 0) appear immediately 

ixpon the screen instead of one. 

The two beams into which the spar divides the 

•single incident-beam have been subjected to the closest 

-examination. They do not behave alike. One of them 

•obeys the ordinary law of refraction discovered by Snell, 

and is, therefore, called the ordinary ray : its index of 

refraction is 1*654. The other does not obey this law. 

Its index of refraction, for example, is not constant, 

but varies from a maximum of 1*654 to a minimum 

of 1*483 ; nor in this case do the incident and refracted 

Tays always lie in the same plane. It is, therefore, 

' cafled the extraordinary ray. In calc-spar, as just 

«tated^ the ordinary ray is the most refracted. One 

consequence of this merits a passing notice. Pour 

^ter and bisulphide of carbon into two cups of the 

^me depth ; the cup that contains the more strongly 

refracting liquid will appear shallower than the other. 

* lace a piece of Iceland spar over a dot of ink ; two 

^ots are seen, the one appearing nearer than the other 

'^ the eye. The nearest dot belongs to the most 

strongly refracted ray, exactly as the nearest cup- 

"^ttom belongs to the most highly refracting liquid. 

"^hen you turn the spar round, the extraordinary image 

^^ the dot rotates round the ordinary one, which 

^^naains fixed. This is also the deportment of our two 

^^ks upon the screen. 
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§ 5. Polarizatton of Light eocplained by the 

Wave Theory, 

The double refraction of Iceland spar iras firil 
treated in a work published by Erasmus BartholiBttr 
in 1 ()()!). lluyghens sought to account for this phe- 
nomenon on the principles of the wave theory, and h^ 
Hucceeiled in doing so. He, moreover, made highly 
iiniM»rtant observations on the distinctive chaiacte 
of tin* two beams transmitted by the spar, admSr 
ting, with resigned Ciindoiur, that he had not solved 
the ditKculty, and leaving the solution to future times. 
Newton, retlei»ting on the observations of Huyghens, 
camo to the conclusion that each of the beams trana- 
mitted by Iceland spar had two sides ; and from the 
analogy of this two-^uiedness with the ttvo-endedn^ 
of a magnet, wherein consists its polarity, the two 
b(*am8 came subsequently to be described as polarized. 
We may begin the study of the polarization of 
light, with ease and profit, by means of a crystal of 
tourmaline. But we must start with a clear conception 
of an ordinary beam of light. It has been abready 
explained that the vibrations of the individual ether- 
paiticles are executed across the line of propagation* 
In the case of ordinary light we are to figure the ether- 
particles as vibrating in all directions, or azimuths, as 
it is sometimes expressed, across this line. 

Now, in the case of a plate of tourmaline cut 
parallel to the axis of the crystal, a beam of ligW 
incident upon the plate is divided into two, the one 
vibrating parallel to the axis of the crystal, the other 
at right angles to the axi^. The grouping of the 
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molecules, and of the ether associated with the mole- 
cules, reduces all the vibrations incident upon the 
crystal to these two directions. One of these beams, 
namely, that whose vibrations are perpendicular to 
the axis, is quenched with exceeding rapidity by the 
tourmaline. To such vibrations many specimens of 
the crystal are highly opaque; so that, after having 
passed through ^ very small thickness of the tourma- 
Kne, the light emerges with all its vibrations reduced 
to a single plane. In this condition it is what we call 
pldne polarized light. 

Fig. 27. 




A moment's reflection will show that, if what is 

"^f e stated be correct, on placing a second plate of 

^^^iimaline with its axis parallel to the first, the light 

^U pass through "both ; but that, if the axes be 

^^ossed, the light that passes through the one plate 

^H be quenched by the other, a total interception of 

^b^e light being the consequence. Let us test this 

^^tlcluaion by experiment. The image of a plate of 

^Urmaline (t t^ fig. 27) is now before you. I place 

P^tallel to it another plate (f if) : the green of the 
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crystal is a little deepened, nothing more ; this agrees 
with our conclusion. By means of an endless screw, 
I now turn one of the crystals gradually round, and 
you observe that as long as the two plates are obhque 
to each other, a certain portion of light gets through ; 
but that when they are at right angles to each other, 
the space common to both is a space of darkness 
(fig. 28). Our conclusion, arrived at prior to experi- 
ment, is thus verified. 

Let us now return to a single plate ; and here let 
me say that it is on the green light transmitted hy 
the tourmaline that you are to fix your attention. We 
have to illustrate the two-sidedness of that green light, 
in contrast to the all-sidedness of ordinary light. The 
white light surrounding the green image, being ordinary 
light, is reflected by a plane glass mirror in all direc- 
tions; the green light, on the contrary, is not so 
reflected. The image of the tourmaline is now hori- 
zontal ; reflected upwards, it is still green ; reflected 
sideways, the image is reduced to blackness, because of 
the incompetency of the green light to be reflected in 
this direction. Making the plate of tourmaline vertical, 
and reflecting it as before, it is the light of the upper 
image that is quenched; the side image now shows 
the green. This is a result of the greatest significance. 
If the vibrations of light were longitudinal, like those 
of sound, you could have no action of this kind ; and 
this very action compels us to assume that the vibra- 
tions are transversal. Picture the thing clearly. In the 
one case the mirror receives, as it were, the impact of 
the edges of the waves, the green light being then 
quenched. In the other case the sides of the waves 
strike the mirror, and the green light is reflected. To 
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render the extinction complete, the light must be 
received upon the mirror at a special angle. What 
this angle is we shall learn presently. 

The quality of two-sidedness conferred upon light 
by bi-refracting crystals may also be conferred upon it 
by ordinary reflection. Mains made this discovery in 
1808, while looking through Iceland spar at the light of 
the sun reflected from the windows of the Luxembourg 
palace in Paris. I receive upon a plate of window-glass 
the beam from our lamp ; a great portion of the light 
i^flBcted from the glass is polarized. The vibrations of 
this reflected beam are executed, for the most part, 
parallel to the surface of the glass, and when the glass 
is held so that the beam shall make an angle of 58^ 
with the perpendicular to the glass, the whole of the 
reflected beam is polarized. It was at this angle that 
the image of the tourmaline was completely quenched 
in our former experiment. It is called the polarizing 
a/agle. 

Sir David Brewster proved the angle of polarization 
of a medium to be that particular angle at which the 
refracted and reflected rays inclose a right angle.* 
The polarizing angle augments with the index of re- 
fraction. For water it is 52j^° ; for glass, as already 
stated, 58° ; while for diamond it is 68^ 

And now let us try to make substantially the 

' This beautiful law is usually thus expressed : The index cf re- 
fraction of amy substcmce is the tangent of its polarizing amgle. With 
the aid of this law and an apparatus similar to that figured at page 
16, we can readily determine the index of refraction of any liquid. 
The refracted and reflected beams being visible, they can readily be 
caused to inclose a right angle. The polarizing angle of the liquid 
may be thus found with the sharpest precision. It is then only neces- 
sary to seek out its natural tangent to obtain the index, et xetc^c^osu 
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experiment of Malus. The beam from the lamp is 
received at the proper angle upon a plate of glass 
and reflected through the spar. Instead of two images, 
>fr; you see but one. So that the light, when polarized, as it 
now is by reflection, can only get through the spar in one 
direction, and consequently can produce but one image. 
Why is this ? In the Iceland spar as in the tourma- 
line, all the vibrations of the ordinary light are re- 
duced to two planes at right angles to each other ; but, 
unlike the tourmaline, both beams are transmitted 
with equal facility by the spar. The two beams, in 
short, emergent from the spar, are polarized, their 
directions of vibration being at right angles to each 
other. When, therefore, the light is first polarized by 
reflection, the direction of vibration in the spar which 
coincides with the direction of vibration of the polarized 
beam, transmits the beam, and that direction only. 
Only one image, therefore, is possible under the con- 
ditions. 

You will now observe that such logic as connects 
our experiments is simply a transcript of the logic of 
Nature. On the screen before you are two disks of 
light produced by the double refraction of Iceland spar. 
They are, as you know, two images of the aperture 
through which the light issues from the camera. Plac- 
ing the tourmaline in front of the aperture, two images 
of the crystal will also be obtained ; but now let us 
reason out beforehand what is to be expected from this 
experiment. The light emergent from the tourmaline 
is polarized. Placing the crystal with its axis hori- 
zontal, the vibrations of its transmitted light will be 
horizontal. Now the spar, as already stated, has two 
Erections of vibration, one of which at the present 
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-^^Xoment is vertical, the other horizontal. What are 

'^"^« to conclude ? That the green light will be trans- 

^**litted along the latter, which is parallel to the axis of 

"tlie tourmaline, and not along the former, which is 

I^rpendicular to that axis. Hence we may infer that 

" ^ne image of the tourmaline will show the ordinary 

l^een light of the crystal, while the other image will 

V>e black. Tested by experiment, our reasoning is veri- 

:6ed to the letter (fig. 29). 

Fig. 29. 





Let us push our test still further. By means of an 
endless screw, the crystal can be turned ninety degrees 
round. The black image, as I turn, becomes gradually 
brighter, and the bright one gradually darker ; at an 
angle of forty-five degrees both images are equally 



Fig. 30. 





bright (fig. 30) ; while, when ninety degrees have been 
obtained, the axis of the crystal being then vertical, the 
bright and black images have changed places, exactly 
as reasoning would have led us to suppose (^^^, ^V^. 
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Considering what has been akeady said (p. lU) 
reg^urding the redection of light potiaiized by transmit- 
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sion thiongh toonnaline^ you will readily fiaresee vh 
most occur when we receive upon a plate of glai 
held at the polarizing angle, the two beams emerge 
&om our prifim of Iceland spar. I cause both beai 
to pass ade by side through the air, catch them or 



Fig. 32. 




pbte, and seek to reflect them upwards* At 
polttizmg angle one beam only is capable of be 
tlnis leflected. Which ? Your prompt answer will 
Onhe beam whose yibrations are horizontal (fig. I 
I mm torn the glass plate and try to reflect b 
laterally* One of tkeni od^ la t^<^^^\ t1 
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namely, the vibrations of which aore vertical (fig. 33). 
It is plain that, by means either of the tourmaline or 
the reflecting glass, we can determine in a moment the 
direction of vibration in any polarized beam. 

Fig. 33. 




As already stated, the whole of a beam of ordinary 
light reflected from glass at the polarizing angle is 
polarized ; a word must now be added regarding the 
far larger portion of the light which is tranamitted by 
the glass. The transmitted beam contains a quantity 
of polarized light equal to the reflected beam ; but this 
is only a fraction of the whole transmitted light. By 
taking two plates of glass instead of one, we augment 
the quantity of the transmitted polarized light ; and by 
taking a bundle of plates, we so increase the quantity 
as to render the transmitted beam, for all practical 
purposes, perfectly polarized. Indeed, bundles of glass 
plates are often employed as a means of furnishing 
polarized light. It is important to note that the plane 
of vibration of this transmitted light is at right angles 
to that of the reflected light. 

One word more. When the tourmalines are crossed, 
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the space where they cross each other is black. But 
we have seen that the least obliquity on the part of 
the crystals permits light to get through both. Now 
suppose, when the two plates are crossed, that we in- 
terpose a third plate of tourmaliue between them, with 
its axis oblique to both. A portion of the light trans- 
mitted by the first plate will get through this inter- 
mediate one. But, after it has got through, its plane 
of vibration is changed : it is no longer perpendicular 
to the axis of the crystal in front. Hence it will, in 
part, get through that crystal. Thus, by pure reasoning, 
we infer that the interposition of a third plate of tour- 
maline will in part abolish the darkness produced by the 
perpendicular crossing of the other two plates. I have 
not a third plate of tourmaline ; but the talc or mica 
which you employ in your stoves is a more convenient 
substance, which acts in the same way. Between the 
crossed tourmalines, I introduce a film of this crystal 
with its axis oblique to theirs. You see the edge of the 
film slowly descending, and, as it descends, light takes 
the place of darkness. The darkness, in fact, seems 
scraped away, as if it were something material. This 
effect has been called, naturally but improperly, de- 
polarization. Its proper meaning will be disclosed in 
our next lecture. 

These experiments and reasonings, if only thoroughly 
studied and understood, will form a solid groundwork 
for the analysis of the splendid optical phenomena next 
to be considered. 
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LECTUEE IV. 

CHROMATIC PHENOMENA PRODUCED BY CRYSTALS IN POLARIZED LIGHT 
— THE NICOL PRISM — ^POLARIZER AND ANALYZER — ^ACTION OF THICK 
AND THIN PLATES OP SELENITE — COLOURS DEPENDENT ON THICK- 
NESS — RESOLUTION OF POLARIZED BEAM INTO TWO OTHERS BY THE 
SELENITE — ONE OF THEM MORE RETARDED THAN THE OTHER — RE- 
COMPOUNDING OP THE TWO SYSTEMS OF WAVES BY THE ANALYZER 
—INTERFERENCE THUS RENDERED POSSIBLE — CONSEQUENT PRODUC- 
TION OP COLOURS — ACTION OF BODIES MECHANICALLY STRAINED OB 
PRESSED — ACTION OF SONOROUS VIBRATIONS — ACTION OP GLASS^ 
STRAINED OR PRESSED BY HEAT — CIRCULAR POLARIZATION — CHRO- 
MATIC PHENOMENA PRODUCED BY QUARTZ — THE MAGNETIZATION OF 
LIGHT — RINGS SURROUNDING THE AXES OF CRYSTALS — BIAXAL AND 
UNIAXAL CRYSTALS — GRASP OF THE UNDULATORY THEORY — THE COLOUR 
AND POLARIZATION OF SKY-LIGHT — GENERATION OF ARTIFICIAL SKIES.. 

§ 1. Action of Crystals on Polarized Light: the 

Nicol Prism. 

We have this evening to examine and illustrate the 
chromatic phenomena produced by the action of crystals,, 
and double-refracting bodies generally, upon polarized 
light, and to apply the Undulatory Theory to their eluci- 
dation. For a long time investigators were compelled 
to employ plates of tourmaline for this purpose, and 
the progress they made with so defective a means of 
inquiry is astonishing. But these men had their hearts 
in their work, and were on this account enabled to 
extract great results from small instrumental appliances. 
For our present purpose we need far larger apparatus ;. 
and, happily, in these later times this need has 
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been to a great extent satisfied. We have seen and 
examined the two beams emergent from Iceland spar, 
and have proved them to be polarized. If, at the 
sacrifice of half the light, we could abolish one of these, 
the other would place at our disposal a beam of polarized 
light, incomparably stronger than any attainable from 
tourmaline. 

The beams, as you know, are refracted dififerently, 
and from this, as made plain in § 4, Lecture I., we are 
able to infer that the one may be totally reflected, 
when the other is not. An able optician, named Nicol, 
cut a crystal of Iceland spar in two halves in a certain 
direction. He polished the severed surfaces, and re- 
united them by Canada balsam, the surface of union 
being so inclined to the beam traversing the spar that 
the ordinary ray, which is the most highly refracted, 
was totally reflected by the balsam, while the extra- 
ordinary ray was permitted to pass on. 

Let h x^ c y (fig. 34) represent the section of an 
elongated rhomb of Iceland spar cloven from the crystal. 
Let this rhomb be cut along the plane b c; and the two 
severed surfaces, after having been polished, reunited 
by Canada balsam. We learned, in our first lecture, 
that total reflection only takes place when a ray seeks 
to escape from a more refracting to a less refracting 
medium, and that it always, under these circumstances, 
takes place when the obliquity is sufficient. Now the 
refractive index of Iceland spar is, for the extraordinary 
ray less, and for the ordinary greater, than for Canada 
balsam. Hence, in passing from the spar to the balsam, 
the extraordinary ray passes from a less refracting to 
a more refracting medium, where total reflection cannot 
occur; while the ordinary ray passes from a more 
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refracting to a less refracting medium, where total 
reflection can occur. The requisite obliquity is secured 
bj making the rhomb of such a length that the plane 




of which 6 c is the section shall be perpendicular, or 
nearly so, to the two end surfaces of the rhomb b x,cy. 

The invention of the Nicol prism was a great step 
in practical optics, and quite recently sach prisms have 
been constructed of a size and purity which enable 
audiences like the present to witness the chromatic 
phenomena of polarized light to a degree altogether 
unattainable a short time ago. 

(The two prisms employed in these experiments 
were lent to me by my lamented friend Mr. William 
Spottiswoode, and they were manufactured by Mr. 
Ahrens, an optician of consummate skill.) 
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§ 2. Colours of Films of Selenite in Polarized Light. 

Two Nicol prisms play the same part as tbe two 
plates of tourmaline. Placed with their directions 
of vibration parallel, the light passes through both; 
while when these directions are crossed the light is 
quenched. Introducing a film of mica between the 
prisms, the light, as in the case of the tourmaline, is 
restored. But notice, when the film of mica is thin 
you have sometimes not only light, but coloured light. 
Our work for some time to come will consist of the ex- 
amination of such colours. With this view, I will take 
a representative crystal, one easily dealt with, because 
it cleaves with great facility — ^the crystal gypsum, or 
selenite, which is crystallized sulphate of lime. Between 
the crossed Nicols I place a thick plate of this crystal ; 
like the mica, it restores the light, but it produces no 
colour. With my penknife I take a thin splinter from 
the crystal and place it between the prisms ; the image 
of the splinter glows with the richest colours. Turning 
the prism in front, these colours gradually fade and 
disappear, but, by continuing the rotation until the 
vibrating sections of the prisms are parallel to each 
other, vivid colours again arise, but these colours are 
complementary to the former ones. 

Some patches of the splinter appear of one colour, 
some of another. These differences are due to the 
different thicknesses of the film. As in the case of 
Hooke's thin plates, if the thickness be uniform the 
colour is uniform. Here, for instance, is a stellar shape, 
every lozenge of the star being a film of gypsum of 
uniform thickness : each, lozenge, you observe, shows a 



IT. COLOUKS OF SELENITE. 125 

brilliant and uniform colour. It is easy, by shaping 
our iSlms so as to represent flowers or other objects, to 
exhibit such objects in hues unattainable by art. Here, 
for example, is a specimen of heart's-ease, the colours of 
which you might safely defy the artist to reproduce. 
By turning the front Nicol 90 degrees round, we pass 
through a colourless phase to a series of colours com- 
plementary to the former ones. This change is still 
more strikingly represented by a rose-tree, which is 
now presented in its natural hues — a red flower and 
green leaves ; turning the prism 90 degrees round, we 
obtain a green flower and red leaves. All these wonder- 
ful chromatic effects have definite mechanical causes in 
the motions of the ether. The principle of interference 
duly applied and interpreted explains them all. 

§ 3. Golatirs of Crystals in Polarized Light explained 

by the Undulatory Theory. 

By this time you have learned that the word * light ' 
may be used in two different senses : it may mean 
the impression made upon consciousness, or it may 
mean the physical cause of the. impression. It is with 
this cause that we have to occupy ourselves at present. 
The luminiferous ether is a substance which fills all 
space, and surrounds the atoms and molecules of bodies. 
To this inter-stellar and inter-atomic medium definite 
mechanical properties are ascribed, and we deal with it 
in our reasonings and calculations as a body possessed of 
these properties. In mechanics we have the composition 
and resolution of forces and of motions, extending to the 
composition and resolution of vibrations. We treat the 
luminiferous ether on mechanical principles, and, from 
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the composition and resolution of its vibrations we 
deduce all the phenomena displayed by crystals in 
polarized light. 

Let us take, as an example, the crystal of tourmaline, 
with which we are now so familiar. Let a vibration 
cross this crystal oblique to its axis. Experiment has 
assured us that a portion of the light will pass through. 
The quantity which passes we determine in this way. 
Let A B (fig. 35) be the axis of the tourmaline, and let 

Fig. 35. 




a b represent the amplitude of an oblique ethereal 
vibration before it reaches A B. From a and 6 let the 
two perpendiculars a c and b d he drawn upon the 
axis : then c d will be the amplitude of the transmitted 
vibration. 

I shall immediately ask you to follow me while 
I endeavour to explain the effects observed when a fihn 
of gypsum is placed between the two Nicol prisms. 
But, prior to this, it will be desirable to establish still 
further the analogy between the action of the prisms 
and that of the two plates of tourmaline. The magni- 
fied images of these plates, with their axes at right- 
angles to each other, are now before you. Introducing 
between them a film of selenite, you observe that by 
turning the film round it may be placed in a position 
where it has no power to abolish the darkness of the 
superposed portions of the tourmalines. Why is this? 
The answer is, that in the gypsum there are two direc- 
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^Oixs, at right angles to each other, in which alone 

^^brations can take place, and that in our present 

^^periment one of these directions is parallel to one of 

^*ie axes of the tourmaline, and the other parallel to 

^'he other axis. When this is the case, the film exercises 

^o sensible action upon the light. But now I turn the 

^xn so as to render its directions of vibration oblique 

^ the two tourmaline axes ; then, you see it exercises 

^Ixe power, demonstrated in the last lecture, of partially 

Restoring the light. 

Fig. 36. 
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Let us now mount our Nicol prisms, and cross 
them as we crossed the tourmaline. Introducing our 
film of gypsum between them, you notice that in 
one particular position the film has no power what- 
ever over the field of view. But, when the film is 
turned a little way round, the light passes. We have 
now to understand the mechanism by which this is 
effected. 

First, then, we have a prism which receives the 
light from the electric lamp, and which is called 
the poloHzer. Then we have the plate of gypsum 
(supposed to be placed at S, fig. 36), and then the 
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prism in front, which is called the arvalyzer. On its 
emergence from the first prism, the light is polarized ; 
and, in the particular case now before us, its vibrations 
are executed in a horizontal plane. We have to ex- 
amine what occurs when the two directions of vibration 
in the interposed gypsum are oblique to the horizon. 
Draw a rectangular cross (A B, C D, fig. 37) to repre- 

m 

Fig. 37. 




sent these two directions. Draw a line {a h) to represent 
the amplitude of the horizontal vibration on the emer- 
gence of the light from the first Nicol. Let fall from 
each end of this line two perpendiculars (a c, a/; 
6 d, he) on the two arms of the cross ; then the 
distances (c cZ, e f) between the feet of these perpen- 
diculars represent the amplitudes of two rectangular 
vibrations, which are the components of the first 
single vibration. Thus the polarized ray, when it 
enters the gypsum, is resolved into its two equivalents, 
which vibrate at right angles to each other. 

In one of these two rectangular directions the 
ether within the gypsum is more sluggish than in the 
other ; and, as a consequence, the waves that follow 
this direction are more retarded than the others. In 
both cases the undulations are shortened when they 




IV. APPLICATION OF WAVE THEORY TO SELENITE. 129 

enter the gypsum, but in the one case they are more 
shortened than in the other. You can readily imagine 
that in this way the one system of waves may get half 
a wave-length, or indeed any number of half wave- 
lengths, in advance of the other. The possibility of in- 
terference here at once flashes upon the mind. A little 
consideration, however, will render it evident that, as 
long as the vibrations are executed at right angles to 
each other, they cannot quench each other, no matter 
what the retardation may be. This brings us at once 
to the part played by the analyzer. Its sole function 
IS to recompound the two vibrations emergent from 
the gypsum. It reduces them to a single plane, where, if 
one of them be retarded by the proper amount, extinc- 
tion will occur. 

But here, as in the case of thin films, the different 
lengths of the waves of light come into play. Eed will 
require a greater thickness to produce the retardation 
'Necessary for extinction than blue ; consequently when 
^te longer waves have been withdrawn by interference, 
the shorter ones remain, the film of gypsum shining 
^th the colours which the short waves confer. Con- 
versely, when the shorter waves have been withdrawn, 
*te thickness is such that the longer waves remain. An 
^lexxientary consideration suffices to show, that when 
^^^ directions of vibration of the prisms and the gypsum 
®^olose an angle of forty-five degrees, the colours are at 
^^ir maximum brilliancy. When the film is turned 
^^Xn this direction, the colours gradually fade, until, at 
*^^ point where the directions of vibration in plate and 
P^sms are parallel, they disappear altogether. 

(The best way of obtaining a knowledge of these 
^^enomena is to construct a model oi \3mi -^wA ^t 
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pasteboard, representing the plate of gypsum, its planes 
of vibration, and also those of the polarizer and analyzer. 
Two parallel pieces of the board are to be separated 
by an interval which shall represent the thickness of 
the film of gypsum. Between them two other pieces, 
intersecting each other at a right angle, are to repre- 
sent the planes of vibration within the film ; while at- 
tached to the two parallel surfaces outside are two other 
pieces of board, which represent the planes of vibration 
of the polarizer and analyzer. On the two intersecting 
planes the waves are to be drawn, showing the resolu- 
tion of the fi^st polarized beam into two others, and 
then the subsequent reduction of the two systems of 
vibrations to a common plane by the analyzer. Follow- 
ing out rigidly the interaction of the two systems of 
waves, we are taught by such a model that all the 
phenomena of colour obtained by the combination of 
the waves, when the planes of vibration of the two 
Nicols are parallel, are displaced by the complemen- 
tary phenomena, when the planes of vibration are 
perpendicular to each other.) 

In considering the next point, we will operate, for 
the sake of simplicity, with monochromatic light — with 
red light, for example, which is easily obtained pure by 
red glass. Supposing a certain thickness of the gypsum 
produces a retardation of half a wave-length, twice 
this thickness will produce a retardation of two half 
wave-lengths, three times this thickness a retardation 
of three half wave-lengths, and so on. Now, when the 
Nicols are parallel, the retardation of half a wave-length, 
or of any odd number of half wave-lengths, produces 
extinction ; at all thicknesses, on the other hand, which 
correspond to a retardation, of ^ai euew, number of half 
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^ave-lengths, the two beams support each other, when 

they are brought to a common plane by the analyzer. 

Supposing, then, that we take a plate of a wedge form, 

which grows gradually thicker from edge to back, we 

o^ht to expect, in red light, a series of recurrent 

hands of light and (Jarkness ; the dark bands occurring 

*t thicknesses which produce retardations of one, three, 

fi^Gj etc., half wave-lengths, while the bright bands 

^cor between the dark ones. Experiment proves the 

Wedge-shaped film to show these bands. They are also 

"sautifully shown by a circular film, so worked as to 

"® thinnest at the centre, and gradually increasing in 

thickness from the centre outwards. A splendid series 

^^ ^ings of light and darkness is thus produced. 

\Vhen, instead of employing red light, we employ 
^^^^, the rings are also seen: but as they occur at 
thinner portions of the film, they are smaller than the 
'"^gs obtained with the red light. The consequence 
^^ Employing white light may be now inferred ; inas- 
^^oh as the red and the blue fall in different places, 
^^ have iris-coloured rings produced by the white 
%lit. 

Some of the chromatic effects of irregular crystal- 
^^^^tion are beautiful in the extreme. Could I intro- 
^^oe between our two Nicols a pane of glass covered by 
''^Ose frost-ferns which your cold weather renders now 
*^ frequent, rich colours would be the result. The 
"^^utiful effects of the irregular crystallization of tartaric 
*^ifi and other substances on glass plates now presented 
^^ you, illustrate what you might expect from the 
^^ssted window-pane. And not only do crystalline 
^^^dies act thus upon light, but almost all bodies that 
P^^Bsess a definite structure do the same. Xs ^ ^^x^ewiX. 
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rule, organic bodies act thus upon light ; for their 
architecture implies an arrangement of the molecules, 
and of the ether associated with the molecules, which 
involves double refraction. A film of horn, or the 
section of a shell, for example, yields very beautiful 
colours in polarized light. In a tree, the ether cer- 
tainly possesses dififerent degrees of elasticity along 
and across the fibre ; and, were wood transparent, this 
peculiarity of molecular structure would infallibly 
reveal itself by chromatic phenomena like those that 
you have seen. 

§ 4. Goloura prodv/ied by Strain and Pressure. 

Not only do natural bodies behave in this way, 
but it is possible, as shown by Brewster, to confer, by 
artificial strain or pressure, a temporary double refract- 
ing structure upon non-crystalline bodies such as 
common glass. This is a point worthy of illustration. 
When I place a bar of wood across my knee and seek to 
break it, what is the mechanical condition of the bar ? 
It bends, and its convex surface is strained longitudi- 
nally ; its concave surface, that next my knee, is longitu- 
dinally pressed. Both in the strained portion and in 
the pressed portion of the wood the ether is thrown into 
a condition which would render the wood, were it trans- 
parent, double-refracting. For, in cases like the 
present, the drawing of the molecules asunder longitu- 
dinally is always accompanied by their approach to each 
other laterally ; while the longitudinal squeezing is 
accompanied by lateral retreat. Each half of the bar 
of wood exhibits this antithesis, and is therefore 
rfoizWe-refracting. 
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Let us now repeat this experiment with a bar of 

gla^s. Between the crossed Nicols I introduce such a 

b^x-^ By the dim residue of light lingering upon the 

^I'een, you see the image of the glass, but it has no 

^flfect upon the light. I simply bend the glass bar 

^t;li my finger and thumb, keeping its length oblique 

^ "the directions of vibration in the Nicols. Instantly 

^^Sit flashes out upon the screen. The two sides of 

^'^^ bar are illuminated, the edges most, for here the 

^^*^"aiii and pressure are greatest. In passing from 

^c^Xigitudinal strain to longitudinal pressure, we cross a 

I^^^irtion of the glass where neither is exerted. This is 

|'*^« so-called neutral axis of the bar of glass, and along 

^^ you see a dark band, indicating that the glass along 

ttis axis exercises no action upon the light. By em- 

E^loying the force of a press, instead of the force of my 

^Xiger and thumb, the brilliancy of the light is greatly 

^Vigmented. 

Again, I have here a square of glass which can be 
^^serted into a press of another kind. Introducing 
^ie xmcompressed square between the prisms, its neu- 
trality is declared ; but it can hardly be held suffi- 
ciently loosely in the press to prevent its action from 
^nanifesting itself. Already, though the pressure is 
infinitesimal, you see spots of light at the points where 
the press is in contact with the glass. On turning a 
ficrew, the image of the square of glass flashes out upon 
the screen. Luminous spaces are seen separated from 
each other by dark bands. 

Every two adjacent spaces are in opposite mecha- 
nical conditions. On one side of the dark band we 
have strain, on the other side pressure, the band 
marking the neutral axis between bo\Ai. Iwcs^ Vx^sAfc-^ 
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the vice, and you see colour ; tighten still more, and |' 
the colours apj^ear as rich as those presented by crystals. 
Releasing the vice, the colours suddenly vanish ; tight- 
ening suddenly, they reappear. From the colours oi 
a soap-bubble Newton was able to infer the thicknes* 
of the bubble, thus uniting by the bond of thouglx^ 
apparently incongruous things. From the coIoil'^s 
here presented to you, the magnitude of the pressux^e 
employed might be inferred. Indeed, the late ]V'5. 
Wertheim, of Paris, invented an instrument for tt^*^ 
determination of strains and pressures, by the colou^'** 
of polarized light, which exceeded in accuracy all pr ^ 
vious instruments of the kind. 

And now we have to push these considerations to ^ 
final illustration. Polarized light may be turned '"^ 
account in various ways as an analyzer of molecul.^^^ 
condition. It may, for instance, be applied to reve^^ ^^ 
the condition of a solid body when it becomes sonoroir^-^* 
A strip of glass six feet long, two inches wide and * 
quarter of an inch thick, is held at the centre betwe^^° 
the finger and thiunb. On sweeping a wet woollen r^^ 
over one of its halves, you hear an acute sound due '^^ 
the vibrations of the glass. What is the condition ^^' 
the glass while the sound is heard? This: its t^^^ 
halves lengthen and shorten in quick succession. J^^^* 
two ends, therefore, are in a state of quick vibratio 
but at the centre the pulses firom the two ends alte 
nately meet and retreat fi"om each other. Betwe^ 
their opposing actions, the glass at the centre is ke 
motionless ; but, on the other hand, it is alternate! 
strained and compressed. In fig. 38, A B may be take 
to represent the glass rectangle with its centre co; 
denaed ; while A' B' xepTesent^ ^-^ «»mfe x^iatangl^ 
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ts centre rarefied. The ends of the strip suffer 
3r condensation nor rarefection. 



Fig. 38. 
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If we introduce the strip of glass (« 8\ fig. 39) 
between the crossed Nicols, taking care to keep it 
oblique to the directions of vibration of the Nicols, and 
S'weep our wet rubber over the glass, this is what may 
be expected to occur : At every moment of compression 
the light will flash through ; at every moment of strain 
t^^ light will also flash through ; and these states of 
^i^ain and pressure will follow each other so rapidly, 
'*^ftt we may expect a permanent luminous impression 
^ Oe made upon the eye. By pure reasoning, therefore, 
^^ reach the conclusion that the light will be revived 
^-t^enever the glass is sounded. That it is so, experi- 
^^Ht testifies : at every sweep of the rubber (A, fig. 39), 
^He luminous disk (o) flashes out upon the screen. 
"^e experiment may be varied in this way: Placing 
"^ ^front of the polarizer a plate of unannealed ^Imb^ 



you have a series of beautifully coloured rings, inttt* 
eected by a black croaa, Every sweep of the rubber | 
not only abolishes the rings, but introduces conaplB- I 
mentary oneM, the blai;k cross being, for the moment, | 




I 



supplanted by a white one. This is a modification of 
a beautiful experiment which we owe to Biot. His 
apparatus, however, confined the observation of it to a 
single person at a time. 

§ 5. Colours of Unannealed Glass. 

Bodies are usually expanded by heat and contracted 
by cold. If the heat be applied with perfect mu- 
fonnity, no local strains or pressures come into play ! 
but, if one jMirtion of a solid be heated and another 
portion not, the exjransion of the heiited portion intrf 
duces strains and pressures which reveal themselve* 
under the scrutiny of polarized light. When a squar* 
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of common window-glass is placed between the Nicols, 
you see its dim outline, but it exerts no action on the 
polarized light. Held for a moment over the flame of 
a spiriHamp, on reintroducing it between the Nicola, 
light flashes out upon the screen. Here, as in the 
case of mechanical action, you have luminous spaces 
of strain divided by dark neuti-al axes from spaces of 
pressure. 

Let us apply the heat more symmetrically. A 
small square of gkss is perforated at the centre, and 
into the orifice a bit of copper wire is introduced. 
Placing the square between the prisms, and heating 
the wire, the heat passes by conduction to the 
glass, through which it spreads from the centre 
outwards. You immediately see four luminous 




quadrants and a dim cross, which becomes gradually 
blacker, by comparison with the adjacent brightness. 
And as, in the case of pressure, we produced colours, so 
here also, by the proper application of heat, gorgeous 
chromatic effects may be evoked. The condition ne- 
cessary to the production of these colours may be 
rendered permanent by first heating the glass suflS- 
ciently, and then cooling it, so that the chilled mass 



ehall remain in a state of permanent strain and pr^suie. I 
Two or three examples wilt illustrate this point. Figs, T 
40 and 41 represent the iigurea obtained with two I 
pieces of glass thus prepared ; two rectangular pieees I 
of unannealed glass, crossed and placed between the I 
polarizer and analyzer, exhibit the beautiful iris fri 
represented in fig. 42, 



5 G. Vircidar Polarisation. 

But we have to follow the ether atill further into its 
hiding-places. Suspended before you is a pendulum, 
which, when drawn aside and liberated, oscillates to aud 
fro. If, when the pendulum is jtassing the middle point 
of its excursion, I impart a shock to it tending to dri»e 
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t right angles to its present course, what occurs ? 
3 two impulses compound themselves to a vibration 
ique in direction to the former one, but the pen- 
lum still oscillates in a plane. But, if the rect- 
gular shock be imparted to the pendulum when it is 
the limit of its swing, then the compounding of the 
o impulses causes the suspended ball to describe, not 
straight line, but an ellipse ; and, if the shock be 
►mpetent of itself to produce a vibration of the same 
nplitude as the first one, the ellipse becomes a circle. 

Why do I dwell upon these things ? Simply to 
lake known to you the resemblance of these gross 
lechanical vibrations to the vibrations of light. I 
old in my hand a plate of quartz cut from the crystal 
perpendicular to its axis. The crystal thus cut pos- 
esses the extraordinary power of twisting the plane of 
ibration of a polarized ray to an extent dependent on 
'he thickness of the crystal. And the more refrangible 
ihe light the greater is the amount of twisting ; so that, 
i^en white light is employed, its constituent colours 
ire thus drawn asunder. Placing the quartz plate 
between the polarizer and analyzer, this vivid red ap- 
pears ; and, turning the analyzer in front from right to 
eft, the other colours of the spectrum appear in suc- 
'ession. Specimens of quartz have been found which 
'©quire the analyzer to be turned from left to right to 
obtain the same succession of colours. Crystals of the 
irst class are therefore called right-handed, and of the 
'©cond class, left-handed crystals. 

With profound sagacity, Fresnel, to whose genius 
^© mainly owe the expansion and final triumph of the 
Adulatory theory of light, reproduced mentally the 
^^hanism of these crystals, and showed their action to 
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be due to the circumstance that, in them, the waves of 
ether so act upon each other as to produce the oonditioA 
represented by our rotating pendulum. Instead d 
being plane polarized, the light in rock crystal is dr- 
cularly polarized. Two such rays, transmitted along 
the axis of the crystal, and rotating in opposite direc- 
tions, when brought to interference by the analyzer, 
are demonstrably competent to produce all the observed 
phenomena. 



§ 7. Ciyfnpleraeniary Colours of Bi-refracting Spar 
in Circularly Polarized Light. Proof that Yellow 
and Blue are CoTaplementary. 

1 now remove the analyzer, and put in its place the 
piece of Iceland spar with which we have already illus- 
trated double refraction. The two images of the carbon- 
points are now before you, produced, as you know, by 
two beams vibrating at right angles to each other. 
Introducing a plate of quartz between the polarizer 
and the spar, the two images glow with complementary 
colours. Employing the image of an aperture instead 
of that of the carbon-points, we have two coloured 
circles. As the analyzer is caused to rotate, the colours 
pass through various changes: but they are always 
complementary. When the one is red, the other is 
green ; when the one is yellow, the other is blue. 
Here we have it in our power to demonstrate afresh a 
statement made in our first lecture, that although the 
inixtm-e of blue and yellow pigments produces green, 
the mixture of blue and yellow lights produces white. 
By enlarging our aperture, the two images produced 
by the spar are caused to approach each other, and 
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Y to overlap. The one image is now a vivid yellow, 
bher a vivid blue, and you notice that where these 



Fig. 43. 
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•urs are superposed we have a pure white. (See fig. 
where N is the end of the polarizer, Q the quartz 
e, L a lens, and B the bi-refracting spar. The two 
ges overlap at 0, and produce white by their 
ture.) 



§ 8. The Magnetization of Light. 

This brings us to a point of our inquiries which, 
ugh rarely illustrated in lectures, is nevertheless 
likely to affect profoundly the future course of 
jntific thought that I am unwilling to pass it over 
hout reference. I refer to the experiment which 
•aday, its discoverer, called the ^magnetization of 
at.' The arrangement for this celebrated experiment 
now before you. We have, first, our electric lamp, 
in a Nicol prism, to polarize the beam emergent 
tn the lamp ; then an electro-magnet, then a second 
3ol, and finally our screen. At the present moment 
i prisms are crossed, and the screen is dark. I 
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place from jx^le to jiole of the electro-magnet a cylia-| 
der of a peculiar kind of glass, first made by Faraday, | 
and called Faraday's heavy glass. Through this glass | 
the beam from the polarizer now passes, being inter- 
cepted by the Xicol in fi^nt. On exciting the magnet! 
light instantly appears upon the screen. By the action 
of the magnet upon the heavy glass the plane of vibra- 
tion is caused to rotate, the light being thus enabled to 
get through the analx-zer. 

The two classes into which quartz-crystals are 
divided have been already mentioned. In my hand I 
hold a compound plate, one half of it taken from a 
right-handed, and the other frx)m a left-handed crystal 
Placing the plate in front of the polarizer, I turn one 
of the Xicols until the two halves of the plate show a 
common puce colour. This yields an exceedingly sen- 
sitive means of rendering visible the action of a magnet 
upon light. By turning either the polarizer or the 
analyzer through the smallest angle, the uniformity of 
the colour disappears, and the two halves of the quartz 
show different colours. The magnet produces an effect 
equivalent to this rotation. The puce-coloured circle 
is now before you on the screen. (See fig. 44, where 
N is the nozzle of the lamp, H the first Nicol, Q the 
biquartz plate, L a lens, M the electro-magnet, with 
the heavy glass across its perforated poles, and P the 
second Nicol.) Exciting the magnet, one half of the 
image becomes suddenly red, the other half green. 
Interrupting the current, the two colours fede away? 
and the primitive puce is restored. 

The action, moreover, depends upon the polarity 
of the magnet, or, in other words, on the direction of 
the current which surroimds the magnet. Eeversinjf 
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e current, the red and green reappear, but they 
.ve changed places. The red was formerly to the 
ght, and the green to the left ; the green is now to 
le right, and the red tx> the left. With the most ex- 




quisite ingenuity, Faraday analyzed all those actions 
ind stated their laws. This esperiraent, however, long 
remained a scientific curiosity rather than a fruitful 
germ. That it would bear fruit of the highest impor- 
tance, Faraday felt profoundly convinced, and present 
researches are on the way to verify his conviction. 



5 9. Ins-^'ingB s^irrounding the Axes of Crystals. 

A few more words axe necessary to complete our 
"Bowledge of the wonderful interaction between pon- 
derable molecules and the ether interfused among them. 
Symmetry of molecular arrangement implies symmetry 
■^ the part of the ether ; atomic dissymmetry, on the 

I hand, involves the dissymmetry of the ether, and. 
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as a consequence, doable refraction. In a certain class 
of crystals the structure is homogeneous, and sach 
crystals produce no double refraction. In certain other 
crystals the molecules are ranged symmetrically ronnd 
a certain line, and not around others. Along the 
former, therefore, the ray is undivided, while along all 
the others we have double refraction. Ice is a familiar 
example : its molecules are built with perfect symmetry 
around the perpendiculars to the planes of freezing, 
and a ray sent through ice in this direction is not 
doubly refracted ; whereas, in all other directions, it is. 
Iceland spar is another example of the same kind : its 
molecules are built symmetrically round the line unit- 
ing the two blunt angles of the rhomb. In this direc- 
tion a ray suffers no double refraction, in all others it 
does. This direction of no clouble refraction is called 
the optic axis of the crystal. 

Hence, if a plate be cut from a crystal of Iceland spar 
perpendicular to the axis, all rays sent across this plate 
in the direction of the axis will produce but one image. 
But, the moment we deviate from the parallelism with 
the axis, double refraction sets in. If, therefore, a 
beam that has been rendered conical by a converging 
lens be sent through the spar so that the central ray of 
the cone passes along the axis, this ray only will escape 
double refraction. Each of the others will be divided 
into an ordinary and an extraordinary ray, the one 
moving more slowly through the crystal than the 
other ; the one, therefore, retarded with reference to 
the other. Here, then, we have the conditions for inter- 
ference, when the waves are reduced by the analyze^ 
to a common plane. 

Placing the plate of Iceland spar between the crossed 
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Nicol prisms, and employing the conical beam, we hare 
upon the screen a beautiful system of iris-rings sur- 
roimding the end of the optic axis, the circular bands 
of colour being intersected by a black cross (fig. 45). 
The arms of this cross are parallel to the two direc- 
tions of vibration In the polarizer and analyzer. It is 
easy to see that those rays whose planes of vibration 
within the spar coincide with the plane of vibration 
of either prism, cannot get through both. This com- 
pete interception produces the arms of the cross. 




iVith monochromatic light the rings would be simply 
night and black — the bright rings occurring at those 
hicknesses of the spar which cause the rays to con- 
pire ; the black rings at those thicknesses which cause 
bem to quench each other. Turning the analyzer 90° 
Dund, we obtain the complementary phenomena. The 
lack cross gives place to a bright one, and every 
ark ring is supplanted also by a bright one (fig. 46). 
lere, as elsewhere, the diiferent lengths of the light- 
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<»r th«»st» crystals, suitably cut, are placed between t*^ 
jM)larizcr and analyzer, the axes (A A', fig. 47) are se^ 
surnnnidcd, not by circles, but by curves of anotl>^ 
order and of a perfectly definite mathematical charact^*^' 
Each band, as proved experimentally by Heracht:^ ^ 



IV. GRASP OF THE WATE THEOKY. 147 

forms a lem/niscata ; but the experimental proof was 
here, as in numberless other cases, preceded by the ■ 
deduction which showed that, according to the unda- | 
latory theory, the bands must possess this special 
character. 



5 10. Power of the Wave Theory. 

I have taken this somewhat wide range over polar- I 
ization itself, and over the phenomena exhibited by 
crystals in polarized light, in order to give you some 
notion of the firmness and completeness of the theory 
which grasps them all. Starting from the single 
assumption of transverse undulations, we first of all 
determine the wave-lengths, and find that on them all 
the phenomena of colour are dependent. The wave- 
lengths may be determined in many independent ways. 
Newton virtually determined them when he measured 
the periods of his Fits : the length of a fit, in feet, is 
that of a quarter of an undulation. The wave-lengths 
may be determined by diffraction at the edges of a 
sUt (as in the Appendix .to these Lectures); they may 
be deduced from the interference fringes produced by 
reflection ; from the fringes produced by refraction ; 
also by lines drawn with a diamond upon glass at 
measured distances asunder. And when the length 
determined by these independent methods are com- 
pared together, the strictest agreement is found to 
exist between them. 

With the wave-lengths once at our disposal, we 
follow the ether into the most compMcated cases of 
interaction between it and ordinary matter, ' the theory 
is equal to them all. It makes 1101 a. a.'Q^t^ -ae.^ 
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physical hypothesis; but out of its original stock of 
principles it educes the counterparts of all that obsex-- 
vation shows. It accounts for, explainsj simplifies thi-« I 
most entangled cases ; corrects known laws and fact^ i j 
predicts and discloses unknown ones ; becomes ttrn-B I 
guide of its former teacher Observation j and, eTJ- ij 
lightened by mechanical conceptions, acquires ^mJiI 
insight which pierces through shape and colour -<»■ 
force and cause.' ' ( 

But, while I have thus endeavoured to illustra- * 
before you tbe power of the undulatory theory as a 
solver of all the difEeulties of optics, do I therefc»xe 
wish you to close your eyes to any evidence that m^*y 
arise againat it? By no means. You may urge, adrf 
justly urge, that a hundred years ago another theory 
was held by the most eminent men, and that, as the 
theory then held had to yield, the undulatory theory 
may have to yield also. This seems reasonable ; but 
let us understand the precise value of the argument 
In similar language a person in the time of Newton, 
or even in our time, might reason thus : Hipparchus 
and Ptolemy, and numbers of great men after them, 
believed that the earth was the centre of the solar 
system. But this deep-set theoretic notion had to 
give way, and the helio-centric theory may, in its turn, 
have to give way also. This is just as resisonable as 
the first argument. Wherein consists the strength of 
^^ the present theory of gravitation ? Solely in its coni- 
^^ft petence to account for all the phenomena of the solar 
^^1 system. Wherein consists the strength of the theory 
^^V of undulation ? Solely in its competence to disentangle 
^^1 and explain phenomena a hundred-fold more complex 
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than those of the solar system. Accept if you will the 
scepticism of Mr. Mill ' regarding the uudulatory 
theoiy ; bnt if your scepticism be philosophical, it will 
Wrap the theory of gravitation in the same or in E^reater 
doubt.^ 

5 11. The Blue of the Sly. 

I am unwilling to quit these chromatic phenomena 
without referring to a source of colour which has often 
Come before me of late in the blue of your skies at 
Uoon, and the deep crimson of your horizon after the 
Bet of sun. I will here summarize and extend what I 
have elsewhere said upon this subject. Proofs of the 
most cogent description could be adduced to show that 
the blue light of the firmament is reflected light. 
That light comes to us across the direction of the solar 
lays, and even against the direction of the solar rays ; 
and this lateral and opposing rush of wave-motion can 
only be due to the rebound of the waves from the air 
itself, or from something suspended in the air. The 
solar light, moreover, is not scattered by the sky in 
the proportions which produce white. The sky is 
blue, which indicates an excess of the smaller waves. 
The blueness of the air has been given as a reason for 
the blueness of the sky; but then the question arises, 
How, if the air be blue, can the hght of sunrise and 
sunset, which travels through vast distances of air, 
be yellow, orange, or even red ? The passage of the 
white solar light through a blue medium could by no 

' Kemoved from us since these words were written. 

' The onlj essay known to me on tiie tTndulatocy Theory, from 
the pen of an Amerioan writer, is an eioelleut one by Preaideiit 
£aiiiaicl, published in the Kraitiisouian Repi^rt for 1 362. 




poBsibilitj redden the light ; the hyiiothesis of a blue 
atmosphere is therefore untenable. In fact, the agent, 
whatever it be, which eenda ua the light of the sky, 
exercises in so doing a dichroitic action. The light 
reflected is blue, the Hght transmitted is oi-ange or red. 
A marked diBtinction is thus exhibited between reflec- 
tion from the sky and that from an ordinary cloud, 
which exercises no such dichroitic action. 

The cloud, in fact, takes no note of size on the part 
of the waves of ether, but reflects them all alike. Now 
the cause of this may be that the cloud-particles are so 
large in comparison with the size of the waves of ether 
as tc scatter them all indifferently. A broad cliff re- 
flects an Atlantic roller as easily as it reflects a ripple 
produced by a sea-bird's wing; and, in the presence of 
large reflecting surfaces, the existing differences of mag- 
nitude among the waves of ether may also disappear. 
But supposing the reflecting particles, instead of being 
very large, to be very small, in comparison with the size 
^L of the waves. Then, instead of the whole wave being 
^B: fronted and in great part thrown back, a small portion 
^^L only is shivered off by the obstacle. Suppose, then, 
^^B such minute . foreign particles to be diffused in our 
^^m atmosphere. Waves of all sizes impinge upon them, 
^^V and at every collision a portion of the impinging wave 
^^1 is struck off. All the waves of the spectrum, from the 
^B extreme red to the extreme violet, are thus acted upon j 
^F but in what proportions will they be scattered ? Large- 
W ness is a thing of relation ; and the smaller the wave, 

L the greater is the relative size of any particle on which 

^^K the wave impinges, and the greater also the relative 
^^B reflection. 
^^H A small pebble, placed in the way of the ring-ripples 
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produced by heavy rain-drops on a tranqiiil pond, will 
throw back a large fraction of each ripple incident upon 
it, while the fractional part of a larger wave thrown 
back by the same pebble might be infinitesimal. Now 
to preserve the solar light white, its constituent pro- 
portions must not be altered ; but in the scattering of 
the light by these very small particles we see that the 
proportions are altered. The smaller waves are in 
excess, and, as a consequence, in the scattered light 
blue will be the predominant colour. The other 
colours of the spectrum must, to some extent, be asso- 
ciated with the blue ; they are not absent, but deficient, 
We ought, in fact, to have them all, but in diminishing 
proportions, from the violet to the red. 

We have thus reasoned our way to the conclusion, 
that were particles, small in comparison to the size of 
the ether waves, sown in our atmosphere, the light 
scattered by those particles would be exactly such as 
we observe in our azure skies. And, indeed, when this 
light is analyzed, all the colours of the spectrum are 
found in the proportions indicated by our conclusion. 

By its successive collisions with the particles the 
white light is more and more robbed of its shorter 
waves; it therefore loses more and more of its due 
proportion of blue. The result may be anticipated. 
The transmitted light, where moderate distances are 
involved, will appear yellowish. But as the sun sinks 
towards the horizon the atmospheric distance increases, 
and consequently the number of the scattering particles. 
They weaken in succession the violet, the indigo, 
the blue, and e\'en disturb the proportions of green. 
The transmitted light under such circumstances must 
j»sfl from yellow through orange to red. This also is 
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exactly what we find in nature. Thus, while the re- 
flected light gives us, at noon, the deep azure of the 
Alpine skies, the transmitted light gives us, at sunset, 
the warm crimson of the Alpine snows. 

But can small particles be really proved to act in 
the manner indicated ? No doubt of it. Each one of 
you can submit the question to an experimental test 
Water will not dissolve resin, but spirit will ; and when 
spirit which holds resin in solution is dropped into 
water, the resin immediately separates in solid particles, 
which render the water milky. The coarseness of this 
l)recipitate depends on the quantity of the dissolved 
resin. Professor Briicke has given us the proportions 
which produce particles particularly suited to our pre- 
sent puq)Ose. One gramme of clean mastic is dissolved 
in eighty-seven grammes of absolute alcohol, and the 
transparent solution is allowed to drop into a beaker 
containing clear water briskly stirred. An exceedingly 
fine precipitate is thus formed, which declares its 
presence by its action upon light. Placing a dark sur- 
face behind the beaker, and permitting the light to M 
into it from the top or front, the medium is seen to be 
of a very fair sky-blue. A trace of soap in water gives 
it a tint of blue. London milk makes an approximation 
to the same colour, through the operation of the same 
cause : and Helmholtz has irreverently disclosed the 
. fact that a blue eye is simply a turbid medium. 

§ 12. Artificial Sky. 

But we have it in our power to imitate far more 
closely the natural conditions of this problem. We can 
generate in air artificial skies, and prove their perfect 



identity with the natural one, as regards the exhibition 
of a number of wholly unexpected phenomena. It has 
been recently shown in a great number of iustances by 
myself that waves of ether issuing from a strong source, 
such as the sun or the electric light, are competent to 
shake asunder the atoms of gaseous molecules. The 
apparatus used to illustrate this consists of a glass 
tube about a yard in length, and from 2^ to 3 inches 
internal diameter. The gas or vapour to be examined 
is introduced into this tube, and upon it the condensed 
beam of the electric lamp is permitted to act. The 
Vapour is so chosen that one, at least, of its products of 
decomposition, as soon as it is formed, shall be precipi- 
tnted to a kind of cloud. By graduating the quantity 
of the vapour, this precipitation may be rendered of 
any degree of fineness, fomiiug particles distinguish- 
able by the naked eye, or particles which are probably 
far beyond the reach of our highest microscopic 
jKiwers. I have no reason to doubt that particles may 
lie thus obtained whose diameters constitute but a 
Very amaU fraction of the length of a wave of violet 

light. 

Now, in all such cases when suitable vapours are 
employed in a sufficiently attenuated state, no matter 
what the vapour may be, the visible action commences 
with the formatiou of a blue cloud. Let me guard 
myself at the outset against all misconception as to the 
use of this term. The blue cloud here referred to is 
totally invisible in ordinary dayhght. To be seen, it 
requires to be surrounded by darkness, it only being 
illuminated by a powerful beam of hght. This cloud 
differs in many important particulars from the finest 
ordinary clouds, and might justly have assigned to it an 
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intermediate position between these clouds and true 
cloudless vapour. 

It is possible to make the particles of this adinie 
cloud grow from an infinitesimal and altogether ultra- 
microscopic size to particles of sensible magnitude ; and 
by means of these in a certain stage of their growth, 
we produce a blue which rivals, if it does not transcend, 
that of the deepest and purest Italian sky. Introduc- 
ing into our tube a quantity of mixed air and nitrite 
of butyl vapour sufficient to depress the mercurial 
column of an air-pump one-twentieth of an inch, 
adding a quantity of air and hydrochloric acid sufficient 
to depress the mercury half an inch further, and send- 
ing through this compound and highly attenuated 
atmosphere the beam of the electric light, within the 
tube arises gradually a splendid azure, which strengthens 
for a time, reaches a maximiun of depth and purity, and 
then, as the particles grow larger, passes into whitish 
blue. This experiment is representative, and it illus- 
trates a general principle. Various other colourless 
substances of the most diverse properties, optical and 
chemical, might be employed for this experiment. The 
incipient cloud, in every case, would exhibit this superb 
blue ; thus proving to demonstration that particles of 
infinitesimal size, without any colour of their own, and 
irrespective of those optical properties exhibited by the 
substance in a massive state, are competent to produce 
the blue colour of the sky. 

§ 13. Polarization of Skylight 

But there is another subject connected with our 
firmament, of a more subtle and recondite character 
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ban even its colour. I mean that * mysterious and 
)eautiful phenomenon,' as Sir John Herschel calls it, 
he polarization of the light of the sky. Looking at 
arious points of the blue firmament through a Nicol 
rism, and turning the prism round its axis, we soon 
otice variations of brightness. In certain positions of 
he prism, and from certain points of the firmament, 
he light appears to be wholly transmitted^ while it is 
uly necessary to turn the prism round its axis through 
.n angle of ninety degrees to materially diminish the 
ntensity of the light. Experiments of this kind prove 
ihat the blue light sent to us by the firmament is 
polarized, and on close scrutiny it is also found that the 
iirection of most perfect polarization is perpendicular 
bo the solar rays. Were the heavenly azure like the 
ordinary light of the sun, the turning of the prism 
'rould have no effect upon it ; it would be transmitted 
equally during the entire rotation of the prism. The 
light of the sky may be in great part quenched, because 
it is in great part polarized. 

The same phenomenon is exhibited in perfection by 
our actinic clouds, the only condition necessary to its 
production being the smallness of the particles. In all 
cases, and with all substances, the cloud formed at the 
commencement, when the precipitated particles are 
^uflSciently fine, is blue. In all cases, moreover, this 
Sue blue cloud polarizes perfectly the beam which 
Ruminates it, the direction of polarization enclosing 
^ angle of 90** with the axis of the illuminating 
)eam. 

It is exceedingly interesting to observe both the 
^owth and the decay of this polarization. For ten or 
'fteen minutes after its first appearance, the h'ght from 
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a vividly illuminated incipient cload, looked at Ik»* 
zonluUy, is absolutely quenched by a Xicol prism 
wit h it.8 longer diagonal vertical. But as the sky-Mue 
in gradually rendered impure by the mtiodncti(Hi cf | 
parlicU^s of too large a size, in other words, as real 
clouds begin to be formed, the polarization begins Uk 
dt^lcrioratf, a portion of the light passing through the 
prism in all its positions, as it does in the ca^ of sky- 
liglil. It is worthy of note that for some time after 
i\w c(»ssaiion of perfect polarization the residual light 
which iMVSsos, when the Nicol is in its position of 
miniinuin tmnsmission, is of a gorgeous blue, th& 
whiter light of the cloud being extinguished. When 
tho cloml "texture has become sufficiently coarse ta 
iipproxiiuate to that of ordinary clouds, the rotation of 
tho Nieol ceases to have any sensible effect on th§ 
I iglit.^ discharged at right angles to the beam. 

'Hie perfection of the polarization in a direction 
j)Wp(Mulieular to the illmninating beam may be also 
illustrated by the following experiment, which has been 
(»X(»euted with many vapours. A Nicol prism large 
luiough to embnice the entire beam of the electric lamp 
was placi»d between the lamp and the experimental tube. 
StMuliug the beam polarized by the Nicol through the 
tube, I i>laced myself in front of it, the eyes being on 
a level with its axis, my assistant occupying a similar 
})08it ion behind the tube. The short diagonal of the 
largo Nicol was in the first instance vertical, the plane 
of vibration of the emergent beam being therefore also 
vertical. As the light continued to act, a superb blue 
cloud visible to both my assistant and myself was slowly 
formed. But this cloud, so deep and rich when looked at 
from the positions mentioiied, utterly disappeared when 
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looked at vertically downwards, or vertically upwards. 
Eeflection from the cload was not possible in these 
directions. When the large Nicol was slowly turned 
lound its axis, the eye of the observer being on the 
level of the beam, and the line of vision perpendicular 
i» it, entire extinction of the light emitted horizontally 
occurred when the longer diagonal of the large Nicol 
^was vertical. But a vivid blue cloud was seen when 
looked at downwards or upwards. This truly fine ex- 
periment, which I should certainly have made without 
suggestion, was, as a matter of fact, first definitely 
suggested by a remark addressed to me in a letter by 
Professor Stokes. 

All the phenomena of colour and of polarization 
observable in the case of skylight are manifested by 
ftose actinic clouds; and they exhibit additional 
phenomena which it would be neither convenient to 
pursue, nor perhaps possible to detect, in the actual 
Srmament. They enable us, for example, to follow the 
polarization from its first appearance on the barely 
dsible blue to its final extinction in the coarser cloud. 
[Tiese changes, as far as it is now necessary to refer to 
hem, may be thus summed up : — 

1. The actinic cloud, as long as it continues blue, 
ischarges polarized light in all directions, but the 
irection of maximum polarization, like that of sky- 
ght, is at right angles to the direction of the illumin- 
ing beam. 

2 As long as the cloud remains distinctly blue, the 
ght discharged from it at right angles to the illumin- 
ing beam is perfectly polarized. It may be utterly 
lenched by a Nicol prism, the cloud from which it 
sues being caused to disappear. Any deviation from 



158 ON LIGHT. 



1.ECT.. 



the perpendicular enables a portion of the light to get 
through the prism. 

3. The direction of vibration of the polarized light 
is at right angles to the illuminating beam. Hence a 
plate of tourmaline, with its axis parallel to the beam, 
stops the light, and with the axis perpendicular to the j 
beam transmits the light. 

4. A plate of selenite placed between the Nicol 
and the actinic cloud shows the colours of polarized 
light ; in fact, the cloud itself plays the part of a 
polarizing Nicol. 

5. The particles of the blue cloud are inmieasurably 
small, but they increase gradually in size, and at a cer- 
tain period of their growth cease to discharge perfectly 
polarized light. For some time afterwards the light 
that reaches the eye, through the Nicol in its position 
of least transmission, is of a magnificent blue, far ex- 
ceeding in depth and purity that of the purest sky; 
thus the waves that first feel the influence of size, at 
both limits of the polarization, are the shortest waves . 
of the spectrum. These are the first to accept polariza- 
tion, and they are the first to escape from it. 
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LECTURE V. 

lUNGE OF VISION NOT COMMENSUBATE WITH RANGE OF RADIATION — THE 
ULTRA-VIOLET RAYS— FLUORESCENCE— THE RENDERING OF INVISIBLE 
BAYS VISIBLE — VISION NOT THE ONLY SENSE APPEALED TO BY THE 
SOLAR AND ELECTRIC BEAM — HEAT OF BEAM — COMBUSTION BY TOTAL 
BEAM AT THE FOCI OF MIRRORS AND LENSES— COMBUSTION THROUGH 
ICE-LENS — IGNITION OF DIAMOND — SEARCH FOR THE RAYS HERE EFFEC- 
TIVE — SIR WILLIAM HERSCHEL'S DISCOVERY OF DARK SOLAR RAYS — 
imnSIBIiE RAYS THE BASIS OF THE VISIBLE — DETACHMENT BY A RAY- 
riLTEB OF THE INVISIBLE RAYS FROM THE VISIBLE — COMBUSTION AT 
DARK FOCI — CONVERSION OF HEAT-RAYS INTO LIGHT-RAYS — CALOR- 
E8CENCE — PART PLAYED IN NATURE BY DARK RAYS — IDENTITY OF LIGHT 
AND RADIANT HEAT —INVISIBLE IMAGES — REFLECTION, REFRACTION, 
PLANE POLARIZATION, DEPOLARIZATION, CIRCULAR POLARIZATION, 
DOUBLE REFRACTION, AND MAGNETIZATION OF RADIANT HEAT. 

§ 1. Range of Vision and of Radiation, 

The first question that we have to consider to-night is 

this: Is the eye, as an organ of visioD, commensurate 

^th the whole range of solar radiation — is it capable 

of receiving visual impressions from all the rays emitted 

^y the sun ? The answer is negative. If we allowed 

ourselves to accept for a moment that notion of gradual 

fif^'owth, amelioration, and ascension, implied by the 

t^itn evolution^ we might fairly conclude that there 

^^ stores of visual impressions awaiting man, far 

?*'^ater than those now in his possession. Eitter dis- 

'^Vered in 1801 that beyond the extreme violet of the 

^Pectrum there is a vast efflux of rays which are totally 

-Useless as regards our present powers of vision. These 
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ultra-violet waves, however, though incompetent to 
awaken the optic nerve, can shake asunder the mole- 
cules of certain compound substances on which they 
impinge, thus producing chemical decomposition. 

But though the blue, violet, and ultra-violet rays 
can act thus upon certain substances, the fact is harctty 
sufficient to entitle them to the name of * chemical rays,' 
which is usually applied to distinguish them from the 
other constituents of the spectrum. As regards their 
action upon the salts of silver, and many other sub- 
stances, they may perhaps merit this title ; but in the 
case of the grandest example of the chemical action of 
light — the decomposition of carbonic acid in the leaves 
of plants, with which my eminent friend Dr. Draper 
(now no more) has so indissolubly associated his name 
— the yellow rays are found to be the most active. 

There are substances, however, on which the violet 
and ultra-violet waves exert a special decomposing 
power ; and, by permitting the invisible spectrum to 
fall upon surfaces prepared with such substances, we 
reveal both the existence and the extent of the ultra- 
violet spectrum. 

§ 2. Ultra-violet Bays : Fluorescence. 

The method of exhibiting the action of the ultra- 
violet rays by their chemical action has been long 
known; indeed, Thomas Young photographed the 
ultra-violet rings of Newton. We have now to demon- 
strate their presence in another way. As a general 
rule, bodies either transmit light or absorb it ; but 
there is a third case in which the light falling upon 
the body is neither transmitted nor absorbed, but con- 
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Terted into light of another kind. Professor Stokes, 
the occupant of the chair of Newton in the University 
of Cambridge, has demonstrated this change of one 
feind of light into another, and has pushed his experi- 
ments so far as to render the invisible rays visible. 

A large number of substances examined by Stokes, 
when excited by the invisible ultra-violet waves, have 
been proved to emit light. You know the rate of vibra- 
tioE corresponding to the extreme violet of the spectrum ; 
you are aware that to produce the impression of this 
colour, the retina is struck 789 millions of millions of 
times in a second. At this point, the retina ceases to 
be useful as an organ of vision ; for, though struck by 
Waves of more rapid recurrence, they are incompetent 
to awaken the sensation of light. But when such non- 
visual waves are caused to impinge upon the molecules 
of certain substances — on those of sulphate of quinine, 
for example — they compel those molecules, or their 
constituent atoms, to vibrate ; and the peculiarity is, 
that the vibrations thus set up are of almver period 
than those of the exciting waves. By this lowering of 
the rate of vibration through the intermediation of 
the sulphate of quinine, the invisible rays are brought 
within the range of vision. We shall subsequently 
have abundant opportunity for learning that trans- 
parency to the visible by no means involves transparency 
to the invisible rays. Our bistilphide of carbon, for 
example, which, employed in prisms, is so eminently 
suitable for experiments on the visual rays, is by no 
means so suitable for these ultra-violet rays. Flint 
glass is better, and rock crystal is better than flint 
glass. A glass prism, however, will suit our present I 

c ■ i 
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Casting by means of such a prism a spectrum, not 
upon the white surface of our screen, but upon a sheet 
of paper which has been wetted with a saturated 
solution of the sulphate of quinine and afterwards dried, 
an obvious extension of the spectrum is revealed. We 
have, in the first instance, a portion of the violet ren- 
dered whiter and more brilliant; but, besides this, 
we have the gleaming of the colour where, in the case 
of unprepared paper, nothing is seen. Other substances 
produce a similar eflfect, A substance, for example, 
recently discovered by President Morton, and named 
by him Thallenej produces a very striking elongation 
of the spectrum, the new light generated being of pecu- 
liar brilUancy. 

Fluor spar, and some other substances, when raised to 
a temperature still under redness, emit light. During the 
ages which have elapsed since their formation, this capa- 
city of shaking the ether into visual tremors appears to 
have been enjoyed by these substances. Light has been 
potential within them all this time ; and, as well ex- 
plained by Draper, the heat, though not itself of visual 
intensity, can unlock the molecules so as to enable them 
to exert their long-latent power of vibration. This de- 
portment of fluor spar determined Stokes in his choice 
of a name for his great discovery : he called this ren- 
dering ^isible of the ultra-violet rays Fluoreacefnce. 

By means of a deeply coloured violet glass, we cut 
oflf almost the whole of the light of our electric beam ; 
but this glass is peculiarly transparent to the violet and 
ultra-violet rays. The violet beam now crosses a large 
jar filled with water, into which I pour a solution of 
sulphate of quinine. Clouds, to all appearance opaque* 
instantly tumble downwards. Fragments of horse- 
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chestnut bark thrown upon the watet' also send down 
beautiful cloud-hke striie. But these are not clouds : 
there is nothing precipitated here : the observed action 
is an action of Tnoleeules, not of particles. The me- 
dium before you ia not a turbid medium, for when yon 
look through it at a luminous surface it is perfectly 
■clear. 

If we paint upon a piece of paper a flower or a 
bouquet with the sulphate of quinine, and expose it to 
■the full beam, scarcely anything is seen. But on inter- 
posing the violet glass, the design instantly flashes forth 
in strong contrast with the deep surrounding violet. 
President Morton has prepared for me a most beautiful 
■example of such a design which, when placed in the 
violet light, exhibits a peculiarly brilliant fluorescence. 
From the experiments of Drs. Bence Jones and Dupre, 
it would seem that there is some substance in the 
human body resembling the sulphate of quinine, which 
causes all the tissues of the body to be more or less 
fluorescent. All animal infusions show this fluorescence. 
The crystaUine lens of the eye exhibits the effect in a 
very striking manner. When, for example, I plunge 
my eye into this violet beam, I am conscious of a 
whitish-blue shimmer filling the space before me. 
This is caused by fluorescent light generated in the eye 
itself. Looked at from without, the crystalline lens at 
the same time is seen to gleam vividly. 

Ixing before its physical origin was understood this 
fluorescent hght attracted attention. Boyle describes 
it with great fulness and exactness, ' We have some- 
times,' he says, * found in the shops of our druggists a 
certain wood which is there caHed'Lijjnv/rii Nephnticum, 
because the inhabitants of the country where it grows 
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are wont to use the infasion of it, made in fair water, 
against the stone in the kidneys. This wood may 
afford us an experiment which, besides the singularity 
of it, may give no small assistance to an attentive 
considerer towards the detection of the nature of colours. 
Take Lignum Nephritiewm, and with a knife cut it 
into thin slices : pnt about a handful of these slices- 
into two or three or four pounds of the purest spring 
water. Decant this impregnated water into a glass 
phial ; and if you hold it directly between the light 
and your eye, you shall see it wholly tinted with an 
almost golden colour. But if yon hold this phial from 
the light, so that your eye be placed betwixt the window 
and the phial, the liquid will appear of a deep and 
lovely ceruleoua colour.' 

'These,' he continues, 'and other phenomena which 
I have observed in this delightful experiment, divers 
of my friends have looked upon, not without some 
wonder ; and I remember an excellent oculist, finding 
by accident in a friend's chamber a phial fuU of this 
liquor, which I had given that friend, and havingnever 
heard anything of the experiment, nor having anybody 
near him who could tell him what this strange liquor 
might be, was a great while apprehensive, as be 
presently afterwards told me, that some strange new 
distemper was invading his eyes. And I confess that 
the imnsualness of the phenomenon made me very 
solicitons to find out the cause of this experiment ; and 
though I am far from pretending to have found it, yet 
my enquiries have, I suppose, enabled me to give snch 
hints as may lead your greater sagacity to the discovery 
of the cause of this wonder.' ' 

' B<yle't WorliK, Bircli's edition, vol. i. pp. TZ9 and 730. 
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Goethe in his ' Farbenlehre ' thus describee the 
fluorescence of horse-chestnut bark : — ' Let a strip of 
fresh horse-chestnut bark be taken and clipped into a 
glass of water ; the most perfect sky-blue will be imme- 
diately produced.' ' Sir John Herschel first noticed 
and described the fluorescence of the sulphate of 
quinine, and showed that the light proceeded from a 
thin stratum of the solution adjacent to the surface 
where the light enters it. He showed, moreover, that 
the incident beam, although not sensibly weakened in 
luminous intensity, lost, in its transmission through 
the solution of sulphate of quinine, the power of pro- 
ducing the blue fluorescent light. Sir David Brewster 
also worked at the subject ; but to Professor Stokes we 
are indebted not only for its expansion, but for its full 
and iinal explanation. 
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appeal to another sense than that of vision. They not 
only produce light, but beat, as a sensation. The 
magnified image of the carbon-points is now upon the 
screen ; and with a suitable instrument the heating 
power of the rays which form that image might be 
readily demonstrated. In this case, however, the heat 
is spread over too large an area to be very intense. 
Drawing out the camera lens, and causing a movable 
screen to approach the lamp, the image is seen to he- 
me smaller and smaller ; the rays at the same time 
ing more and more concentrated, until finally 
' Werke, E. xxis. p. 24. 
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t\u*y are able to pierce black paper with abmningiisg* 
PuHliing back the lens so as to render the rays pwdW, 
atirl receiving them upon a concave mirror, they ire 
brought to a focus; paper placed at that focns is caused 
to Hinoke and burn. Heat of this intensity may be 
obtained with our ordinary camera and lens, and aooD- 
eave mirror of very moderate power. 

We will now adopt stronger measures with the 
riidiation. In this larger camera of blackened tin is 
placed a lamp, in all particulars similar to those already 
employed. Hut instead of gathering up the rays from 
the carbon-points by a condensing lens, we gather them 
up by u concave mirror (m 771', fig. 48), silvered in fitMit 

Fig. 48. 




and placed behind the carbons (P). By this mirror v^e 
can cause the rays to issue through the orifice in froi^*' 
of the camera, either parallel or convergent. Th^y 
are now parallel, and therefore to a certain extent 
diffused. We place a convex lens (L) in the path 01 
the beam ; the light is converged to a focus (C), and a^ 
that focus paper is not only pierced, but it is instantly 
set ablaze. 



Many metala may he burned up in the same way. 
In our first lecture the comhuBtihility of zinc was men- 
tioned. Placing a strip of sheet-zinc at this focus, it 
is instantly ignited, bnming with its characteristic 
purple flame. And now I will substitute for our glasa 
lens (L) one of a more novel character. In a smooth 
iron mould a lens of pellucid ice has been formed. 
Placing it in the position occupied a moment ago by 
the glass lens, I can see the beam brought to a sharp 
focus. At the focus I place a hit of black paper, with 
a little gun-cotton folded up within it. The paper 
immediately ignites and the cotton explodes. Strange, 
is it not, that the beam should possess such heating 
power after having passed through so cold a substance ? 
In his arctic expeditions Dr. Seoresby succeeded in 
exploding gunpowder by the sun's rays, converged by 
large lenses of ice ; here we have succeeded in producing 
the effect with a small lens, and with a terrestrial 
source of heat. 

In this experiment, you observe that, before the 
beam reaches the ice-lens, it has passed through a glass 
cell containing water. The beam is thus sifted of con- 
stituents, which, if permitted to fall upon the lens, 
would injure its surface, and blur the focus. And this 
leads me to say an anticipatory word regarding trans- 
parency. In our first lecture we entered fully into the 
production of colours by absorption, and we spoke re- 
peatedly of the quenching of the rays of hght. Did 
this mean that the light was altogether annihilated? 
By no means. It was simply so lowered in refrangi- 
bility as to escape the visual range. It was converted 
into heat. Our red ribbon in the green of the spec- 
trum quenched the green, but if suitably examined its 
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temperature would have been found raised. Chargrea 
ribbon in the ^ed of the spectrum quenched iheicd, 
but itH temperature at the same time was angmentid 
1^ a degree exactly equivalent to the light extingin^aed. 
Our black ribbon, when passed through the Epectnnn, 
waN found competent to quench all its colours; bet at 
every Htage of its progress an amount of heat was gene- 
raiod in the ribbon exactly equivalent to the light teL 
It IM only when ab807*ption takes place that heat isthm 
pHNluctul : and heat is always a result of absorption. 

ICxnniiue the water, then, in front of the lamp after 
the ]miu\ has pasned through it : it is sensibly wann, 
and, if iM^milted to remain there long enough, it 
might be made to boil. This is due to the absorption, . 
by i'lie wat(»r, of a certain portion of the electric beam. 
JJut a portion pasHcs through unabsorbed, and does not 
at all contribute to the heating of the water. Kow, 
ice in alHo in great jmrt transparent to these latter rays, 
and therefore is but little melted by them. Hence, by 
<»mploying the portion of the beam transmitted by 
wat(jr, we are able to keep our lens intact, and to pro- 
duce by means of it a sharply defined focus. Placed 
at, that, focus, white paper is not ignited, because it 
fails to absorb the rays emergent from the ice-lens. At 
the sanuj place, however, black paper instantly burns^ 
because it absorbs the transmitted light. 

And here it may be useful to refer to an estimate 
by Newton, based upon doubtful data, but repeated 1f^ 
various astronomers of eminence since his time. Th^ '^ 
comet of 1680, when nearest to the sun, was only 
sixth of the sun's diameter from his surface. Newto^ 
•estimated its temperature, in this position, to be mor^ 
than two thousand times that of molted iron. Now 
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ia clear from the foregoing experiments that the tem- 
perature of the comet could not be inferred from its 
Deamess to the sun. If its power of absorption were 
sufficiently low, the comet might carry into the sun's 
neighbourhood the chill of stellar ipace. 

§ 4. Combustion of a Diamond by Radiant Heat. 
The experiment of burning a diamond in oxygen 
t>jthe concentrated raya of the sun was repeated at 
I*'lorence, in presence of Sir Humphry Davy, on Tnea- 
<lay, the 27th of March, 1814. It is thus described by 
I^araday : — ' To-day we made the grand experiment of 
learning the diamond, and certainly the phenomena 
X^resented were extremely beautiful and interesting. A 
^lass globe containing about 22 cubical inches was ex- 
hausted of air, and iilled with pure oxygen. The dia- 
Xnond was supported in the centre of this globe. The 
Luke's burning-glass was the instrument used to apply 
lieat to the diamond. It consists of two double convex 
lenses, distant from each other about 3^ feet ; the large 
Oens is about 14 or 15 inches in diameter, the smaller 
one about 3 inches in diameter. By means of the second 
■lens the focus is very much reduced, and the heat, when 
the sun shines brightly, rendered very intense. The 
diamond was placed in the focus and ansionsly watched. 
On a sudden Sir H. Davy observed the diamond to 
bmn visibly, and when removed from the focus it was 
found to be in a state of active and rapid combustion.' 
The combustion of the diamond had never been 
effected by radiant heat from a terrestrial source. I 
tried to accomplish this before crossing the Atlantic, 
and succeeded in doing so. The small diamond now 
in my hand is held by a loop of platinum wire. To 
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protect it as far as possible firom air currents, and also to 
concentrate the heat upon it, it is surrounded by a hood 
of sheet platinum. Bringing a jar of oxygen underneath^ 
I cause the focus of the electric beam to fall upon tie 
diamond. A small fraction of the time expended in 
the exjH^riment described by Faraday suflSces to raise 
the diamond to a brilliant red. Plimging it then into 
the oxygen, it glows like a little white star ; and it 
would continue to bum and glow until wholly consumei 
The focus can also be made to fall upon the diamond 
in oxygen, as in the Florentine experiment : the result 
is the si\me. It was simply to secure more complete 
mastery over the iM>sition of the focus, so as to cause it 
to fall accurately upon the diamond, that the mode of 
experiment here described was resorted to. 

§5. Ultm-red Rays: CcUoreacence. 

In the path of the beam issuing from our lamp I 
now place a cell with glass sides containing a solution of 
almn. All the light of the beam passes through tto 
solution. This light is received on a powerfully con- 
verging mirror silvered in front, and brought to a focu* 
by the mirror. You can see the conical beam of re- 
flected light tracking itself through the dust of the 
room. A scrap of white paper placed at the focu* 
shines there with dazzling brightness, but it is not eveft 
charred. On removing the alum cell, however, the 
paper instantly inflames. There must, therefore, be 
something in this beam besides its light. The light is 
not absorbed by the white paper, and therefore doe^ 
not bum the paper ; but there is something over and 
above the light which is absorbed, and which provoked 
combustion. What is t\i\ia sotxi^l\i\\i^? 
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le year 1800 Sir William Herscliel passed a 
thermometer through the various colours of the solar 
spectrum, and marked the rise of temperature corre- 
sponding to each colour. He found the heating effect 
to augment from the violet to the red ; he did not, how- 
ever, stop at the red, but pushed his thermometer into 
the dark space beyond it. Here he found the tempera- 
ture actually higher than in any part of the visible 
spectrum. By this important observation, he proved 
that the sun emitted heat-rays which are entirely unfit 
for the purposes of vision. The subject was subse- 
quently taken up by Seebeck, Melloni, 5Iiiller, and 
others, and within the last few years it has been found 
capable of unexpected expansions and applications. I 
have devised a method whereby the solar or electric 
beam can be so filtered as to detach from it, and pre- 
serve intact, this invisible ultras-red emission, while the 
visible and ultra-violet emissions are wholly intercepted. 
We are thus enabled to operate at will upon the purely 
nltra-red waves. 

In the heating of solid bodies to incandescence, this 
non-visual emission is the necessary basis of the visual. 
A platinum wire is stretched in front of the table, and 
through it an electric current flows. It is warmed by 
the current, and may be felt to be warm by the hand.. 
It emits waves of heat, but no light. Augmenting the 
Bti-ength of the current, the wire becomes hotter ; it 
finally glows with a sober red light. At this point 
Dr. Draper many years ago began an interesting in- 
vestigation. He employed a voltaic current to heat his 
platinum, and he studied, by means of a prism, the 
successive introduction of the colours of the spectrum. 
His first colour, as here, was red ; then came orange. 
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then yellow, then green, and lastly all the shades of 
blue. As the temperature of the platinuin was grad- 
ually augmented, the atoms were caused to vibrate 
more rapidly ; shorter waves were thus introduced, until 
finally waves were obtained corresponding to the entire 
spectrum. As each successive colour was introduced, 
the colours preceding it became more vivid. Now the 
vividness or intensity of light, like that of sound, de- 
pends not upon the length of the wave, but on the am- 
plitude of the vibration. Hence, as the less refrangible 
colours grew more intense when the more refrangible 
ones were introduced, we are forced to conclude that 
side by side with the introduction of the shorter waves 
we had an augmentation of the amplitude of the longer 
ones. 

These remarks apply not only to the visible emission 
examined by Dr. Draper, but to the invisible emission 
which precedes the appearance of any light. In the 
emission from the white-hot platinum wire now before 
you, the lightless waves exist with which we started, 
only their intensity has been increased a thousand-foW 
by the augmentation of temperature necessary to the 
production of this white light. Both eflfects are bound 
up together : in an incandescent solid, or in a molten 
solid, you cannot have the shorter waves without this 
intensification of the longer ones. A sun is possible 
only on these conditions ; hence Sir William Herschel's 
discovery of the invisible ultra-red solar emission. 

The invisible heat, emitted both by dark bodies and 
by luminous ones, flies through space with the velocity 
of light, and is called radiant heat. Now, radiant heat 
may be made a subtle and powerful explorer of mole- 
cular condition, and, of late years, it has given a new 
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dgnificance to the act of chemical combinatioili. Take, 
for example, the air we breathe. It is a mixture of 
oxygen and nitrogen ; and it behaves towards radiant 
leat like a vacuum, being incompetent to absorb it in 
any sensible degree. But permit the same two gases 
to unite chemically ; then, without any augmentation 
of the quantity of matter, without altering the gaseous 
condition, without interfering in any way with the 
transparency of the gas, the act of chemical union is 
accompanied by an enormous diminution of its diather- 
fftancyy or perviousness to radiant heat. 

The researches which established this result also 
proved the elementary gases, generally, to be highly 
transparent to radiant heat. This, again, led to the 
proof of the diathermancy of elementary liquids, like 
bromine, and of solutions of the solid elements sulphur, 
phosphorus, and iodine. A spectrum is now before 
you, and you notice that the transparent bisulphide of 
carbon has no eflfect upon the colours. Dropping into 
the liquid a few flakes of iodine, you see the middle of 
the spectrum cut away. By augmenting the quantity 
rf iodine, we invade the entire spectrum, and finally 
3Ut it off altogether. Now, the iodine, which proves 
itself thus hostile to the light, is perfectly transparent 
^ the ultra-red emission with which we have now to- 
leal. It, therefore, is to be our ray-filter. 

Placing the alum-cell again in front of the electric 
amp, we assure ourselves, as before, of the utter in- 
ability of the concentrated light to fire white paper* 
ntroducing a cell containing the solution of iodine, the 
ight is entirely cut off; and then, on removing the 
lum-cell, the white paper at the dark focus is instantly 
et on fire. Black paper is more absorbent than white 
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for tliew* myB ; and the conBeqaence is, tLat -pitli it lie 
fjuddennebH and vigour of the combustion are h^ixgrnmaoL 
Zinc iti bunjt up at the same place, magnedTnn boAki 
iuU) vivid combustion, while a sheet of platisiied 
platinum, placed at the focus, is heated to irhit-e^Dfis&i 

Jiookcd at through a prism, the white-hot platznm 
yieldn all the colours of the spectrum. Before im- 
pinging upon (he platinum, the waves were of too^ 
r<*<furrc*n(!e to awaken vision ; by the atoms of the ! 
platinum, tlic^se long and sluggish waves are broken 19 
into Khorter ones, being thus brought within the viEial 
range. At the other end of the spectrum, by the 
int(irpoKitic)n of suitable substances, Professor Stokes 
Lyiuered the refrangibility, so as to render the non- 
viMiial rays visual, and to this change he gave the 
naim» of Fluoreticence. Here, by the intervention of 
the platinum, the refrangibility is raised^ so as to 
rerxlor the non-visual visual, and to this change I have 
given th(i name of Calorescence. 

At the perfectly invisible focus where these effects 
ant pnxluoed, the air may be as cold as ice. Air, as 
iilniody stated, does not absorb radiant heat, and tf 
therefore not warmed by it. Nothing could more 
forcibly illustrate the isolation, if I may use the term, 
of the lumiuiferous ether from the air. The wave- 
motion of the one is heaped up to an extraordinaiy 
degree of intensity, without producing any sensible 
effect upon the other. I may add that, with suitable 
precautions, the eye may be placed in a focus competent 
to heat platinum to vivid redness, without experiencing 
any damage, or the slightest sensation either of light 
or beat. 

The important part played by these ultra-red rays 



in Nature may be thus illustrated : I remove the iodine 
filter, and concentrate the total beam upon a test tuba 
contjiining water. It immediately begins to splutter, 
and in a minute or two it boils. What boils it? 
Placing the alum solution in front of the lamp, the 
boiling instantly ceases. Now, the alum is pervious to 
all the luminous rays ; hence it cannot be these rays 
that caused the boihng. I now introduce the iodine, 
and remove the alum : vigorous ebullition immediately 
recommences at the invisible focus. So that we here 
fix upon the invisible ultra-red rays the heating of the 
water. 

We are thus enabled to understand the momentous 
part played by these rays in Nature. It is to them 
that we owe the wanning and the consequent evapora- 
tion of the tropical ocean ; it is to them, therefore, that 
we owe our rains and snows. They are absorbed close 
to the surfece of the ocean, and warm the superficial 
water, while the luminous rays plunge to great depths 
without producing any sensible effect. But we can 
proceed further than this. Here is a large flask con- 
taining a freezing mixture, which has so chilled the 
flask, that the aqueous vapour of the air of this room 
has been condensed and frozen upon it to a white fnr. 
Introducing the alum-cell, and placing the coating of 
hoar-frost at the intensely luminous focus of the electric 
lamp, not a spicula of the dazzling frost is melted. In- 
troducing the iodine-cell, and removing the alum, a 
broad space of the frozen coating is instantly melted 
away. Hence we infer that the snow and ice, which 
feed the Rhone, the Rhine, and other rivers with 
glaciers for their sources, are released from their im- 
prisonment upon the mountains by the invisible ultra- 
red rays of the sun. 



176 ON LIGHT. 



IXCT, 



§ G. Identity of lAght and Radiant Heat. Reflectim 
from Plane and Curved Surfaces. Total Befle/> 
Hon of Heat. 

The growth of science is organic That which to- 
day ifl an mid bocomes to-morrow a nieana to a remoter 
nnd. Every now discovery in science is immediately 
made* the basis of other discoveries, or of new method* 
of investigation. Thus about fifty years ago (Ersted, 
of ( 'openliagen, discovered the deflection of a magnetic 
nee<ll(» by an electric current ; and about the same 
i,iin(» Thomas Seebeck, of Berlin, discovered thermor 
electricity. These great discoveries were soon after- 
wards turned to account, by Nobili and Melloni, in 
the construction of an instrument which has vastly 
augmt^nt^ed our knowledge of radiant heat. This instru- 
m(ml, which is called a thermo-electric pile, or more 
bri(^fly a thermo-pile, consists of thin bars of bismutt 
and antimony, soldered alternately together at their 
ends, but separated from each other elsewhere. From 
the ends of this * thermo-pile ' wires pass to a galvano- 
meter, wliich consists of a coil of covered wire, within 
and above which are suspended two magnetic needleSj 
joined tg a rigid system, and carefully defended from 
currents of air. 

The action of the arrangement is this : the heat, 
falling on the pile, produces an electric current ; the 
current, passing through the coil, deflects the needles, 
and the magnitude of the deflection may be made a 
measure of the heat. The upper needle moves over a 
graduated dial far too small to be directly seen. It is 
now, however, strongly illuminated ; and above it is a 
\s which, if permitted, would form an image of the 
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needle and dial upon the ceiling. There, however, it 
could not be conveniently viewed. The beam ia there- 
tore received upon a looking-glass, placed at the proper 
angle, which throws the image upon a screen. In this 

iway the motions of this small needle may be made 
risible to you all. 
The delicacy of this apparatus is such that in a room 
filled, as this room now is, with an audience physically 
warm, it is exceedingly difficult to work with it. My 
assistant stands several feet off. I turn the pile towards 
him: the heat radiated from his face, even at this dis- 
tance, produces a deflection of 90°. I turn the instru- 
ment towards a distant wall, a little below the average 
temperature of the room. The needle descends and 
passes to the other side of zero, declaring by this nega- 
tive deflection that the pile has lost its warmth by 
radiation against the cold wall. Possessed of this in- 
strument, of our ray-filter, and of our large Nicol 
prisms, we are in a condition to investigate a subject 
of great philosophical interest ; one which l<mg engaged 
the attention of some of our foremost scientific workers 
— the substantial identity of light and radiant heat. 

That they are identical in all respects cannot of 
course be the case, for if they were they would act in 
the same manner upon all instruments, the eye included. 
The identity meant is such as subsists between one 
colour and another, causing them to behave alilse as 
regards reflection, refraction, double refraction, and 
polarization. Let us here run rapidly over the resem- 
blances of light and heat. As regards reflection from 
plane surfaces, we may employ a looking-glass to reflect 
the light. Marking any point in the track of the 
Reflected beam, cutting off the light by the dissolved 
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iodine, and placing the pile at the marked point, the 
needle immediately starts aside, showing that the heat 
is reflected in the same direction as the light. This is 
true for every position of the mirror. Recurring, for 
example, to the simple apparatus employed in oat 
first lecture (fig. 3, p. 11) ; moving the index attached 
to the mirror along the divisions of our graduated are 
(j)i n), and determining by the pile the positions of 




the invisible reflected beam, we prove that the angular 
velocity of the heat-beam, like that of the light-beam, 
is twice that of the mirror. 

As regards reflection from curved surfaces, the 
identity also holds good. Eeceiving the beam from oni 
electric lamp on a concave mirror (m m, fig. 49), it is 
gathered up into a cone of reflected light rendered 
visible by the floating dust of the air ; marking the 
apex of the cone by a pointer, and cutting off the Hght 
by the iodi-.e solution (T), a moment's exposure of the 
pile (P) at the marked point produces a violent deflec- 
tion of the needle. 
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The common reflection and the total reflection of a 
am of radiant heat may be simultaneously demon- 
rated. From the nozzle of the lamp (L, fig. 50) a 
jam impinges upon a plane mirror (M N), is reflected 
awards, and enters a right-angled prism, of which 

6 c is the section. It meets the hypothenuse at 

Fig. 50. 




an obliquity greater than the limiting angle/ and is 
therefore totally reflected. Quenching the light by the 
lay-filter at F, and placing the pile at P, the totally 
reflected heat-beam is immediately felt by the pile, and 
declared by the galvanometric deflection. 



§ 7. Invisible iTnages formed by Radiant Heat. 

Perhaps no experiment proves more conclusively 
the substantial identity of light and radiant heat, than 
^e formation of invisible heat-images. Employing 
^te mirror already used to raise the beam to its highest 

* Defined in Lecture I. 

ir 2 



state of coneentratioQ, we obtain, as is well known, an 
inverted image of the carbon points, formed by the 
light rays at the focus. Cutting off the light by tLe 
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raj-filter, and placing at the focus a thin sheet of 
platinized platinum, the invisible rays declare tteir 
presence and distribution, by stamping upon the plati- 
num a white-hot image of the carbons. (See fig. 61.) 

§ 8. Polarization of Heat. 

Whether radiant heat be callable of polarization or 
not was for a long time a subject of discussion. B&ari 
had announced afErmative results, but Powell and 
Lloyd failed to verify them. The doubts thus thrown 
upon the question were removed by the experiments 
of Forbes, who first established the polarization and 
' depolarization ' of heat. The subject was subsequently 
followed up by Melloni, an investigator of consununat^ 
ability, who sagaciously turned to account his own 
discovery, that the obscure rays of liuninous sources 
are in part transmitted by black glass. Intercepting 
by a plate of this glass the light from an oil flame, 
and operating upon tlie tiwiataiUed invisible heat, he 
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ined effects of polarization, far exceeding in m&g- 
Ide those whicli could be obtained with non-Iumi- ] 
H sources. At present the poasesBion of our morfl 
feet ray-filttr, and more powerful source of heatg)! 
jbles us to pursue thia identity question to its utmort 1 
ictical limits. 
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"Mounting our two Nicola (B and C, fig. 52) in front 
the electric lamp, with their principal sections 
#Bed, no light reaches the screen. Placing our 
fano-electric pile (D) behind the prisms, with its 
9 turned towards the aonree, no deflection of the 
panometer is observed. Interposing between the 
m (A) and the first prism (B) our ray-filter, the 
at previously transmitted through the first Nicol 
inenched ; and now the slightest turning of either 
(ol opens a way for the t.ransmission of the heat, 
Sry email rotation sufficing to send the needle up 
When the Nicol is turned back to its first 
fcion, the needle again sinks to zero, thus demon- 
ig, in the plainest manner, the polarization of the 



182 OX LIGHT. 

When the Niools are crossed and the field is darl^ 
yon have seen, in the case of light, the effect of intro- 
dncing a plate of mica between the polarizer and analyzer. 
In two positions the mica exerts no sensible inflnence: 
in all others it does. A precisely analogous deportment 
is observed as regards radiant heat. Introducing our 
ray-filter, the thermo-pile, playing the part of an eye 
as regards the invisible radiation, receives no heat when 
the eye receives no light ; bnt when the mica is so 
tamed as to make its planes of vibration obliqae to 
those of the polarizer and analyzer, the heat immedi- 
ately passes throngh. So strong does the action be- 
come, that the momentary plnnging of the film of mica 
into the dark space between the Xicols suffices to send 
the needle up to 90**. This is the effect to which the 
term Repolarization' has been applied; the experi- 
ment really proving that with both light and heat we 
have the same resolution by the plate of mica, and 
recompounding by the analyzer, of the ethereal vibra- 
tions. 

Bemoving the mica and restoring the needle once 
more to 0% I introduce between the Nicols a plate of 
quartz cut perpendicular to the axis ; the immediate 
deflection of the needle declares the transmission of 
the heat, and when the transmitted beam is properly 
examined, it is found to be circularly polarized, exactly 
as a beam of light is polarized under the same con- 
ditions. 

§ 9. Double Refraction of Heat. 

I will now abandon the Nicols, and send through 
the piece of Iceland spar (B, fig. 53), already employed 
(in Lecture III.) to illustrate the double refi:action 
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of light, our sifted beam of invisible heat. To deter- 
mine the positions of the two images, let us first 
operate upon the luminous beam. Marldng the places 
«f the light^images, we introduce between N and L 
oor ray-filter (not in the figui^e) and quench the light. 
Causing the pile to approach one of the marked pkees, 
the needle remains unmoved until the place has been 
attained ; here the pile at once detects the heat. 




Pushing the pile across the interval separating the two 
marks, the needle first falls to 0°, and then risea again 
to 90° in the second position. This proves the double 
refraction of the heat. 

I now turn the Iceland spar : the needle remains 
fixed ; there is no alteration of the deflection. Pass- 
ing the pile rapidly across to the other mark, the 
deflection is maintained. Once more I turn the spar, 
bnt now the needle falls to 0", rising, however, again 
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to 90*" after a rotation of 360^ We know that in the 
case of light the extraordinary beam rotates roimd the 
ordinary one ; and we have here been operating on the 
extraordinary heat-beam, which, as regards double re- 
fraction, behaves exactly like a beam of light. 

§ 10. Mdgnetization of Heat. 

To render onr series of comparisons complete, we 
must demonstrate the magnetization of heat. But 
here a slight modification of our arrangement will be 
necessary. In repeating Faraday's experiment on the 
magnetization of light, we had, in the first instance, 
our Nicols crossed and the field rendered dark, a flash 
of light appearing upon the screen when the magnet 
was excited. Now the quantity of light transmitted in 
this case is really very small, its eflfect being rendered 
striking through contrast with the preceding darkness. 
When we so place the Nicols that their principal sec- 
tions enclose an angle of 45°, the excitement of the 
magnet causes a far greater positive augmentation of 
the light, though the augmentation is not so well 8^ 
through lack of contrast, because here, at starting, the 
field is illuminated. 

In trying to magnetize our beam of heat, we will 
adopt this arrangement. Here, however, at the outset, 
a considerable amount of heat falls upon one face of the 
pile. This it is necessaiy to neutralize, by permitting 
rays from another source to fall upon the opposite fac^ 
of the pile. The needle is thus brought to zero. Cutr 
ting off the light by our ray-filter, and exciting the 
magnet, the needle is instantly deflected, proving that 
the magnet has opened a door for the heat, exactly as 




in Faraday's experiment it opened a door for the light. 
Thus, in every tase brought under our notice, the sub- 
stantial identity of light and radiant heat has been 
demonstrated, 

By the refined experiments of Knoblauch, who 
worked long and successfully at this question, the 
double refraction of heat, by Iceland spar, was first 
demonstrated ; but, though he employed the luminous 
heat of the sun, the observed deflections were exceed- 
ingly small. So, likewise, those eminent investigators 
De la Povostaye and Deaains succeeded in magnetizing 
a beam of heat; but though, in their case also, the 
luminous solar heat was employed, the deflection ob- 
tained did not amount to more than two or three 
degrees. With obB<Mre radiant heat the effect, prior 
to the experiments now brought before you, had not 
been obtained ; but, with the arrangement here de- 
scribed, we obtain deflections from purely invisible heat, 
equal to 150 of the lower degrees of the galvanometer. 

§ 11. Diet'nbution of If eat in the Electric S'pecti-^im,. 

We have finally to determine the position and mag- 
nitude of the invisible radiation which produces these 
results. For this purpose we employ a particular form 
of the thermo-pile. Its face is a rectangle, which by 
moi-able side-piecea can be rendered as narrow as de- 
sirable. Throwing a small and concentrated spectrum 
upon a screen, by means of an endless screw we move 
the rectangular pile through the entire spectrum, and 
determine in succession the thermal power of all its 
colours. 

When this instrument is brought to the violet 
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of the spectrum, the heat is found to be ahnost insen- 
sible. As the pile gradually niovea from the violet 
towards the red, it encounters a gradually augmenting- 
heat. The red itself possesses the highest heating 
power of all the colours of the spectrum. Pushing the 
pile into the dark space beyond the red, the heat rises 
suddenly in intensity, and at some distance beyond 
the red it attains a maximum. From this point the 
ieat falls somewhat more rapidly than it rose, and 
afterwards gradually fades away. 

Drawing a horizontal line to represent the length 
of the spectrum, and erecting along it, at various points, 
perpendiculars proportional in length to the heat exist- 
ing at those points, we obtain a curve which exhibits 
the distribution of heat in the prismatic spectrum. It 
is represented in the adjacent figure. Beginning at 
the blue, the curve rises, at first very gradually ; to- 
■wards the red it rises more rapidly, the line C ■ D 
(fig. 54, opposite page) representing the strength of 
the extreme red radiation. Beyond the red it shoots 
upwards in a steep and massive peak to B ; whence it 
falls, rapidly for a time, and afterwards gradually fades 
from the perception of the pile. This figure is the 
result of more than twelve careful series of measure- 
ments, from each of which the curve was constructed. 
On superposing all these curves, a satisfactory agree- 
ment was found to exist between them. So that it 
may safely be concluded that the areas of the dark 
and white spaces, respectively, represent the relative 
energies of the visible and invisible radiation. The 
one is 7'7 times the other. 

But in verification, as already stated, consists 
strength of science. Determining in the first 
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the total emission from the electric lamp, and then, by 
means of the iodine filter, determining the ultra-red 
emission ; the ditierence between both gives the lumi- 
nous emission. In this way, it is found that the 
energy of the invisible emission is eight times that of 
the visible. No two methods could be more opposed 
to each other, and hardly any two results could better 
harmonize. I think, therefore, you may rely upon the 
acoumoy of the distribution of heat here assigned to 
the prismatic spectrum of the electric light. There is 
nothing vague in the mode of investigation, or doubt- 
ful in its conclusions. Spectra are, however, formed by 
difrnctiaUy wherein the distribution of both heat and 
light is diflferent from that produced by the prism. 
These diflfnictive spectra have been examined with 
great skill by Draper and I-iangley. In the prismatic 
Hi>ectrum the less refrangible rays are compressed into 
a much smaller space than in the diflfraction spectrum. 
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We have employed as oiir source of li^ht in these 
lectures the ends of two rods of coke rendered 
incandescent by electricity. Coke is particularly smt- 
able for this purpose, because it can bear intense heat 
without fusion or vaporization. It is also black, which 
helps the light ; for, other circumstances being equal, 
as shown ex]ierimentally by Professor Balfour Stewart, 
the blacker the body the brighter will be its light 
when incandescent. Still, refractory as carbon is, if we 
closely examined our voltaic arc, or stream of light 
between the carbon-points, we should find there incan- 
descent carbon-vapour. And if we could detach the 
light of this vapour from the more dazzling light of the 
solid points, we should find its spectrum not only less 
brilliant, but of a totally different character from the 
spectra that we have already seen. Instead of being 
an unbroken succession of colours from red to violet. 
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the carbon-vapour would yield a few bands of colour 
with spaces of darkness between them. 

What is true of the carbon is true in a still more 
striking degree of the metals, the most refractory of 
which can be fused, boiled, and reduced to vapour by 
the electric current. From the incandescent vapour 
the light, as a general rule, flashes in groups of rays 
of definite degrees of refrangibility, spaces existing 
between group and group, which are unfilled by rays 
of any kind. But the contemplation of the facts will 
render this subject more intelligible than words can 
make it. Within the camera is now placed a cylinder 
of carbon hollowed out at the top ; in the hollow is 
placed a fragment of the metal thallium. Down upon 
this we bring the upper carbon-point, and then separate 
the one from the other. A stream of incandescent 
thallium-vapour passes between them, the magnified 
image of which is now seen upon the screen. It is of 
a beautiful green colour. What is the meaning of 
that green ? We answer the question by subjecting 
the light to prismatic analysis. Sent through the 
prism, its spectrum is seen to consist of a single re- 
fracted band. Light of one degree of refrangibility— - 
that corresponding to this particular green — is emitted 
by the thallium-vapour. 

We will now remove the thallium and put a bit of 
silver in its place. The arc of silver is not to be dis- 
tinguished from that of thalliimi ; it is not only green, 
but the same shade of green. Are they then alike? 
Prismatic analysis enables us to answer the question. 
However impossible it is to distinguish the one colour 
from the other, it is equally impossible to confound the 
spectrum of incandescent silver-vapour with that of 
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thallium. In the case of silver, we have two green * 

bands instead of one. 

If we add to the silver in our camera a bit of thai- 
hum, we shall obtain the light of both metale. After 
waiting a little, we see that the green of the thallium 
lies midway between the two greens of the silver. 
Hence this similarity of colour. 

But why have we to 'wait a little ' before we see 
thia effect? The thallium band at firet almost masks 
the silver bands by its superior brightness. Indeed, 
the silver bands have wonderfully degenerated since 
the bit of thalliuiii was put in, and for a reason worth 
knowing. It is the resistance offered to the passage 
of the electric current from carbon to carbon, that calls 
forth the power of the current to produce heat. If the 
resistance were materially lessened, the beat would be 
materially lessened ; and if all resistance were abolished, 
there would be no heat at all. Now, thallium is a 
much more fusible and vaporizable metal than silver ; 
and its vapour facilitates the passage of the electricity 
to such a degree, as to render the current almost in- 
competent to vaporize the more refractory silver. But 
the thallium is gradually consumed ; its vapour 
diminishes, the resistance rises, until finally you see 
the two silver bands as brilliant as they were at first.' 

We have in these bands a perfectly unalterable 
characteristic of the two metals. You never get other 
bands than these two green ones from the silver, never 
other than the single green band from the thallium, 
never other than the three green bands from the 
mixture of both metals. Every known metal has its 



* oiighl not to be lost sight of in tbe i 
n of compound apectni. Otlier similar instances might be cited. 
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own particular bands, and in no known case are the 
bands of two different metals alike in refrangibility. 
It follows, therefore, that these spectra may be made a 
sure test for the presence or absence of any particular 
metal. If we pass from the metals to tlieir alloys, 
we find no confusion. Copper gives green bands ; zinc 
gives blue and red bands ; brass — an alloy of copper 
and zinc — gives the bands of both metals, perfectly 
unaltered in position or character. 

But we are not confined to the metals themselves ; 
the salts of these metals yield the bands of the metals. 
Chemical union is ruptured by a sufficiently high heat; 
the vapour of the metal is set free, and it yields its 
characteristic bands. The chlorides of the metals are 
particularly suitable for experiments of this character. 
Common salt, for example, is a compound of chlorine 
and sodium ; in the electric lamp it yields the spectrum 
of the metal sodium. The chlorides of copper, lithium, 
and strontium yield, in like manner, the bands of these 
metals. 

When, therefore, Bunsen and Kirchhoff, the illus* 
trious founders of spectrum aruilysis, after having 
established by an exhaustive examination the spectra 
of all known substances, discovered a spectrum con- 
taining bands different from any known bands, they 
immediately inferred the existence of a new metal. 
They were operating at the time upon a residue, 
obtained by evaporating one of the mineral waters of 
Germany. In that water they knew the unknown 
metal was concealed, but vast quantities of it had to 
be evaporated before a residue could be obtained suf- 
ficiently large to enable ordinary chemistry to grapple 
with the metal. They, however, hunted it down, and 
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i now stands among chemical substances as the metal 
iubidiuTn. They subsequently discovered a second 
netal, which they called Gceaiwm. Thus, having first 
placed spectrum analysis on a sure foundation, they de- 
Bumstrated its capacity as an agent of discovery. Soon 
ifterwards Mr. Crookes, pursuing the same method, 
liscovered the bright green band of Thallium^ and ob- 
^ed the salts of the metal which yielded it. The 
aetal itself was first isolated in ingots by M. Lamy, a 
Vench chemist. 

All this relates to chemical discovery upon earth, 
here the materials are in our own hands. But it was 
>on shown how spectrum analysis might be applied 
> the investigation of the sun and stars ; and this 
^sult was reached through the solution of a problem 
^hich had been long an enigma to natural philosophers. 
*he scope and conquest of this problem we must now 
ndeavour to comprehend. A spectrum is pure in which 
he colours do not overlap each other. We purify the 
pectrum by making our beam narrow, and by augment- 
ng the number of our prisms. When a pure spectrum 
>f the sun has been obtained in this way, it is found to be 
^owed by innumerable dark lines. Four of them were 
irst seen by Dr. Wollaston, but they were afterwards 
multiplied and measured by Fraunhofer with such 
Easterly skill, that they are now universally known as 
J^unhofer's lines. To give an explanation of these 
Ues was, as I have said, a problem which long chal- 
'tiged the attention of philosophers, and to Professor 
irchhoCF belongs the honour of having first conquered 
>i8 problem. 

(The positions of the principal lines, lettered accord- 
ig to Fraunhofer, are shown in the annexed sketch 

O 
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(fig. 55) of the solar spectrum. A is supposed to etand 
near the extreme red, and J near the extreme violet.) 
The brief memoir of two pages, in which this im- 
mortal discovery is recorded, was communicated to 
,j,„ ^^ the Berlin Academy on October 27, 1859. 
Fraunhofer had remarked in the specttnin 
of a candle flame two bright lines, which 
coincide accm-ately, as to position, with the 
double dark line D of the solar apectnim. 
These bright Hnes are produced with par- 
ticular intensity by the yellow flame derived 
from a mixture of salt and alcohol. They 
are in fact the lines of sodium vapour. 
Kirchboff produced a spectrum by permit- 
^" Jl ting the sunlight to enter his telescope by a 
^^ slit and prism, and in front of the slit he 
rl"^ placed the yellow sodium flame. As longaa 
==^ the spectrum remained feeble, there always 
f"^ ! appeared two bright lines, derived from the 
-=^l flame, in the place of the two dark lines B 

of the spectrum. In this case, such absorp- 

^^ tion as the flame exerted upon the sunlight 

was more than atoned for by the radiation 

^^ from the flame. When, however, the solar 

j spectrum was rendered sufficiently intense, 

~—^ the bright bands vanished, and the two dark 

Fraunhofer lines appeared with much greater 

Bhar}>neas and distinctness than when the 

flame was not employed. 

This result, be it noted, was not due to 

any real quenching of the bright lines of 

"~i the flame, but to the augmentation of the 

mi intensity of the adjacent spectrum. The 
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iriment proved f.o demon atrati on, that when the 
« light sent through the flame was sufficiently 
nae, the quantity which the flame absorbed was 
in excess of that which it radiated. 
Here then is a result of the utmost significance. 
rchhoEf immediately inferred from it that the salt 
, which could intensify so remarkably the dark 
of Framihofer, ought also to be able to produce 
, The spectrum of the Drummond light Is known 
exhibit the two bright lines of sodium, which, how- 
r, gradually disappear as the modicum of sodium, 
itained as an impurity in the incandescent lime, is 
Kirchhoff formed a spectrum of the lime- 
it, and after the two bright lines had vanished, he 
led his salt flame in front of the slit. The two dark 
8 immediately started forth. Thus, in the con- 
iooB spectrum of the lime-light, he evoked, arti- 
ally, the lines D of Fraunhofer. 
Kirchhoff knew that this was an action not peculiar 
the sodium flarae, and he immediately extended his 
.eralisation to all coloured flames which yield sharply 
^fined bright bands in then- spectra. 'WTiite light, with 
all its constituents complete, sent through such flames, 
would, he inferred, have those precise constituents 
absorbed, whose refrangibilities are the same as those 
of the bright bands ; so that after passing through such 
flames, the white light, if sufficiently intense, would 
have its spectnim furrowed by bands of darkness. On 
the occasion here referred to Kirchhoff also succeeded 
in reversing a bright band of lithium. 

The long-standing difficulty of Fraunhofer's lines 
fell to pieces in the presence of fecta and reflections hke 
these," which also carried with them an immeasurable 
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extension of the chemist's power. Kirchhoff saw that 
firom the agreement of the lines in the spectra of terres- 
trial substances with Fraunhofer's lines, the presence 
of these substances in the suu and fixed stars migbt 
be immediately inferred. Thus the dark Hnea D in 
the solar spectrum proved the existence of sodium 
in the solar atmosphere; while the bright lines dis- 
covered by Brewster in a nitre flame, which had 
been proved to coincide exactly with certain dark lines 
between A and B in the solar spectrum, proved the 
existence of potassium in the sun. 

All subsequent research verified the accuracy of 
these first daring conclusions. In his second paper, 
communicated to the Berlin Academy before the closeof 
1869, Kirchhoif proved the existence of iron in the sua 
The bright lines of the spectrum of iron vapour are 
exceedingly numerous, and 65 of them were subse- 
quently provefl by Kirchhofif to he absolutely identical 
in position with 65 dark Fraunhofer's hnes. Angstrom 
and Thalen pushed the coincidences to 450 for iron, 
while, according to the same excellent investigators, the 
following numbers express the coincidences, in the case 
of the respective metals to which they are attached; — 

Calcium , .76 Nickel . 

Barimn . . .11 Cobalt . 

Magneainm . . 4 Hydrogen 

Manganese . . G7 Aluminium , 

Titanium . .118 Zinc 

Ciicomium .18 Copper . 

The probability is overwhelming that all these sub- 
stances exist in the atmosphere of the sun. 

KirehhoCfs discovery profoundly modified the con- ' 
ceptions previously entertained regarding the constitu- 
tion of the sun, leading bira to views which, though 
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hey may be modified in detail, will, I believe, remain 
substantially valid to the end of time. The sun, 
iccording to Kirchhoff, consists of a molten nucleus 
B^Mch is surrounded by a flaming atmosphere of lower 
temperature. The nucleus may, in part, be clouds^ 
mixed with, or underlying true vapour. The light of 
the nucleus would give us a continuous spectrum, like 
that of the Drummond light; but having to pass 
through the photosphere, as Kirchhoflf's beam passed 
through the sodium flame, those rays of the nucleus 
which the photosphere emit are absorbed, and shaded 
lines, corresponding to the rays absorbed, occur in the 
spectrum. Abolish the solar nucleus, and we should 
*^ve a spectrum showing a bright line in the place of 
svery dark line of Fraunhofer, just as, in the case of 
Kirchhoff's second experiment, we should have the 
Wght sodium lines of the flame if the lime-light were 
'^thdrawn. These lines of Fraunhofer are therefore 
^ot absolutely dark, but dark by an amount correspond- 
ing to the diCFerence between the light intercepted and 
^^ light emitted by the photosphere. 

Almost every great scientific discovery is approached 
^Jitemporaneously by many minds, the fact that one 
^xid usually confers upon it the distinctness of demon- 
^tion being an illustration, not of genius isolated, but 
genius in advance. Thus Foucault, in 1 849, came 
the verge of KirchhoflF's discovery. By converging 
^ image of the sun upon a voltaic arc, and thus 
>taining the spectra of both sun and arc superposed, 
i found that the two bright lines which, owing to the 
"esence of a little sodium in the carbons or in the 
or, are seen in the spectrum of the arc, coincide with 
Xe dark lines D of the solar spectrum. The lines D 
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he found to be considerably strengthened by the pass- 
age of the solar light through the voltaic arc. 

Instead of the image of the sun, Foucault then pro- 
jected upon the arc the image' of one of the solid in- 
candescent carbon points, which of itself would give a 
continuous spectrum; and he found that the lines 
D were thus generated in that spectrum. Foucault's 
conclusion from this admirable experiment was Hhat 
the arc is a medium which emits the rays D on its 
own account, and at the same time absorbs them 
when they come from another quarter.' Here he 
stopped. He did not extend his observations beyond 
the voltaic arc ; he did not oflFer any explanation of the 
lines of Fraunhofer ; he did not arrive at any concep- 
tion of solar chemistry, or of the constitution of the 
sun. His beautiful experiment remained a germ with- 
out fruit, until the discernment, ten years subsequently? 
of the whole class of phenomena to which it belongs, 
enabled Kirchhoff to solve these great problems. 

Soon after the publication of Kirchhoff's discovery, 
Professor Stokes, who also, ten years prior to the dis- 
covery, had nearly anticipated it, borrowed an illustra- 
tion from sound, to explain the reciprocity of radiation 
and absorption. A stretched string responds to aeri^ 
vibrations which synchronize with its own. A gr^^'' 
number of such strings stretched in space would roughly 
represent a medium ; and if the note common to them 
all were sounded at a distance they would take up ^^ 
absorb its vibrations. 

When a violin-bow is drawn across this tuning-fork, 
the room is immediately filled with a musical sound, 
which may be regarded as the radiation or emissio^^ 
of sound from the fork. A few days ago, on sound- 
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ing this fork, I noticed that when its vibrations were 
quenched, the sound seemed to be continued, though 
more feebly. It appeared, moreover, to come from 
under a distant table, where stood a number of tuning- 
forks of different sizes and rates of vibration. One of 
these, and one only, bad been started by the sounding 
fork, and it was the one whose rate of vibration was 
the same as that of the fork which started it. This is 
an instance of the absorption of the sound of one fork 
by another. Placing two unisonant forks near each 
other, sweeping the bow over one of them, and then 
quenching the agitated fork, the other continues to 
sound; this other can re-excite tbe former, and several 
transfers of sound between the two forks can be thus 
effected. Placing a cent-piece on each prong of one 
of the forks, we destroy its perfect synchrouiam with 
the other, and no such communication of sound from 
the one to the other is then possible. 

I have now to bring before you, on a suitable scale, 
the demonstration that we can do with light what has 
been here done with sound. For several days in 1861 
I endeavoured to accomphsh this, with only partial 
success. In iron dishes a mixture of dilute alcohol 
and salt was placed, and warmed so as to promote 
vaporization. The vapour was ignited, and through 
the yellow flame thus produced the beam from the 
electric lamp was sent ; but a faint darkeniDg only of 
the yellow band of a projected spectrum could be 
obtained. A trough was then made which, when fed 
with the salt and alcohol, yielded a flame ten feet 
thick ; but the result of sending the light through this 
depth of flame was still unsatisfactory. Remembering 
that the direct combustion of sodium in a Bunsen's 
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flame produces a yellow far more intense than that of 
the salt flame, and inferring that the intensity of the 
colour indicated the copiousness of the incandescent 
vapour, I sent through the flame from metallic aodium 
the heam of the electric lamp. The success was com- 
plete; and this experiment I wish now to repeat in 
jour presence.' 

Firstly then yoii notice, when a fragment of sodium 
is placed in a platinum spoon and introduced into a 
BuQsen'H flame, an intensely yellow light is produced. 
It corresponds in refrangibility with the yellow band of 
the spectrum. Like our tuning-fork, it emits waves 
of a special period. When the white light from the 
electric lamp is sent through that flame, you will have 
ocular proof that the yellow flame intercepts the yellow 
of the spectrum ; in other words, that it absorbs waves 
of the same period as its own, thus producing, to all 
intents and purposes, a dark P'raunhofer's band in the 
place of the yellow. 

In front of the slit (at L, fig. 56) through which 
the beam issues is placed a Bunsen's burner (6) pro- 
tected by a chimney (C). This beam, after passing 
through a lens, traverses the prism (P) (in the real 
experiment there was a pair of prisms), is there decom- 
posed, and forms a vivid continuous spectrum (S S) 
upon the screen. Introducing a platinum spoon with 
its pellet of aodium into the Bunsen's flame, the peUet 
first fuses, colours the flame intensely yellow, and at 
length bursts into violent combustion. At the aame 

' The dark band produced wlien the aodium is placed within, the 
lamp was obsdTTed on the same occasion. Then was also observe 
for tbe first time the magnificeiit bine band of lithium, which tbe 
Bnnsen's (Jame fails to bring out. 
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moment the spectrum is furrowed by an intensely dark 
oand (D), two inches wide and two feet long. Intro- 
dncing iind withdrawing the sodium flame in rajiid 
succession, the sudden appearance and disappeariinee 
<if the band of darkness is shown in a most striking 
roamier. In contrast with the adjacent brightness this 
land appears absolutely black, so vigorous is the ab- 
sorption. The blackness, however, is but relative, for 
ipon the dark space falls a portion of the light of the 
•odium flame. 




I have already referred to the exjjeriment of Fou- 
It ; but other workers also had been engaged on the 
lers of this subject before it was taken up by Bunsen 
Id Kirchhoff. With some modification I have on a 
'ormer occasion used the following words regarding 
the precursors of the discovery of spectrum analysis, and 
Solar chemistry: — ' Mr. Talbot had observed the bright 
lines in the spectra of coloured flames, and both he 
and Sir John Herschel pointed out the possibility of 
tuaking prismatic analysis a chemical test of exceeding 
delicacy, though not of entire certainty. More than a 
<juarter of a century ago Dr. Miller gave drawings and 
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descriptions of the spectra of various coloured Hames. 
Wheatstone, with his accustomed Ewuteness, analyzed 
the Ught of the electric spark, and proved that the metals 
between which the spark passed determined the bright 
bands in its spectrum. In an investigation described 
by Kirchhoff as " claBsieal," Swan had shown that ,^5^ 
of a grain of sodium in a Bunsen's flame could be 
detected by its spectrum. He also proved the con- 
stancy of the bright lines in the spectra of hydro- 
carbon flames. Masson published a prize essay on the 
bands of the induction spark ; while Van der Willi- 
gen, and more recently Pliicker, have also given us 
beautiful drawings of spectra obtained from the same 

' But none of these distinguished men betrayed the 
least knowledge of the connexion between the bright 
bands of the metals and the dark lines of the solar 
spectrum ; nor could spectrum analysis be said to be 
placed upon anything like a safe foundation prior to 
the researches of Bunsen and Kirchhoff. The man. 
who, in a pnbhshed paper, came nearest to the philo- 
Bophj of the subject was Angstrom. In that paper, 
translated by myself, and published in the " Philoso- 
phical Magazine " for 1855, he indicates that the rajs- 
which a body absorbs are precisely those which, when 
luminoiis, it can emit. In another place, he speaks of 
one of his spectra giving the general impression of the 
reversal of the solar spectrum. But his memoir^ 
philosophical as it is, is distinctly marked by the un- 
certainty of bis time. Foucault, Thomson, and Balfour 
Stewart have all been near the discovery, while, as 
already stated, it was almost hit by the acute but nn- 
published conjecture of Stokes,' 



w. KIBOHHOFF AND HIS PBECDBSOHS. 

Mentally, as well as physically, every year of the 
world's age is the outgrowth and offspring of all preced- 
ing years. Science proves itself to be a genuine pro- 
dact of Nature by growing according to this law, We 
have no solution of continuity here. All great dis- 
coveries are duly prepared for in two ways : first, by 
other discoveries which form their prelude ; and, 
secondly, by the sharpening of the inquiring intellect. 
Thus Ptolemy grew out of Hipparchus, Copernicus out 
of both, Kepler out of all three, and Newton out of all 
the four. Newton did not rise suddenly from the sea- 
level of the intellect to his amazing elevation. At the 
time that he appeared, the table-land of knowledge was 
already high. He juts, it is true, above the table-land, 
as a massive peak ; still he is supported by the plateau, 
and a great part of his absolute height is the height of 
humanity in his time. It is thus with the discoveries 
of Kirchhoff. Much had been previously accomplished ; 
this he mastered, and then by the force of individual 
genius went beyond it. He replaced uncertainty 
by certainty, vagueness by definiteness, confusion by 
order; and I do not think that Newton has a surer 
claim to the discoveries that have made his name 
immortal, than Kirchhoff has to the credit of gathering 
up the friigmentary knowledge of his time, of vastly 
extending it, and of infusing into it the life of great 
principles. 

With one additional point we will wind up our illus- 
trations of the principles of solar chemistry. Owing 
to the scattering of light by matter floating mechani- 
cally in the earth's atmosphere, the sun is seen not 
sharply defined, but surrounded by a luminous glare. 
Now, a loud noise will drown a whisper, an intense 
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light will overpower a feeble one, and so this circumsolar 
glare prevents us from seeing many striking appearances 
round the border of the sun. The glare is aboHshed in 
total eclipses, when the moon comes between the earth 
and the sun, and there are then seen a series of rose- 
coloured protuberances, stretching sometimes tens of 
thousands of miles beyond the dark edge of the moon. 
They are described by Vassenius in the * Philosophical 
Transactions' for 1733; and were probably observed 
even earlier than this. In 1842 they attracted 
great attention, and were then compared to Alpine 
snow-peaks reddened by the evening sun. That 
these prominences are flaming gas, and principally 
hydrogen gas, was first proved by M. Janssen during 
an eclipse observed in India, on the 18th of August, 
1868. 

But the prominences may be rendered visible in 
sunshine ; and for a reason easily understood. You 
have seen in these lectures a single prism employed to 
produce a spectrum, and you have seen a pair of 
prisms employed. In the latter case, the dispersed 
white light, being diCFused over about twice the area, 
had all its colours proportionately diluted. You have 
also seen one prism and a pair of prisms employed to 
produce the bands of incandescent vapours ; but here 
the light of each band, being absolutely monochro- 
matic, was incapable of further dispersion by the second 
prism, and could not therefore be weakened by such 
dispersion. 

Apply these considerations to the circumsolar 
region. The glare of white light round the sun can 
be dispersed and weakened to any extent, by augment- 
ing the number of prisms ; while a monochromatic 



light, mixed witli thiB glare, and masked by it, would 
retain its intensity unenfeebled by dispersion. Upon 
this consideration has been founded a method of obser- 
vation, applied independently by M. Janssen in India 
and by Mr. Lockyer in England, by which the mono- 
chromatic bands of the prominences are caused to 
obtain the mastery, and to appear in broad daylight. 
By searching carefully and skilfully round the sun's 
rim, Mr, Jjoekyer has proved these prominences to be 
mere local juttings from a fiery envelope which entirely 
clasps the sun, and which he has called the Chromo- 
sphere. 

It would lead us far beyond the object of these 
lectures to dwell upon the numerous interesting and 
important results obtained by Secchi, Respighi, Young, 
and other distinguished men who have worked at the 
oheioiatry of the bud and its appendages. Nor can I 
do more at present than make a passing reference to 
the excellent labours of Dr. Huggins in connexion 
with the fixed stars, nebulte, and comets. They, more 
than any others, illustrate the literal truth of the state- 
ment, that the estabhshment of spectiiim analysis, 
and the explanation of Fraunhofer's hues, carried with 
them an immeasurable extension of the chemist's 
range. The truly powerful experiments of Professor 
Dewar are daily adding to our knowledge, while the 
refined researches of Capt. Ahney and others are open- 
ing new fields of inquiry. But my object here 
make principles plain, rather than to follow out 
details of their illustration. 
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SUMMARY AND CONCLUSION. 

MY desire in these lectures has been to show you, 
with as little breach of continuity as possible, 
something of the past growth and present aspect of a 
department of science, in which have laboured some 
of the greatest intellects the world has ever seen. I 
have sought to confer upon each experiment a distinct 
intellectual value, for experiments ought to be the 
representatives and expositors of thought — a language 
addressed to the eye as spoken words are to the ear. 
In association with its context, nothing is more im- 
pressive or instructive than a fit experiment; but, 
apart from its context, it rather suits the conjurer's 
purpose of surprise, than the purpose of education 
which ought to be the ruling motive of the scientific 

man. 

And now a brief summary of our work will not be 
out of place. Our present mastery over the laws and 
phenomena of light has its origin in the desire of man 
to know. We have seen the ancients busy with this 
problem, but, like a child who uses his arms aimlessly, 
for want of the necessary muscular training, so these 
early men speculated vaguely and confusedly regarding 
natural phenomena, not having had the discipline 
needed to give clearness to their insight, and firmness 
to their grasp of principles. They assured themselves 
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of the rectiiinea.1 propagation of light, and that the 
angle of incidence was equal to the angle of reflection. 
For more than a thousand years — I might say, indeed, 
for more than fifteen hundred years — the Bcientifio 
intellect appears as if smitten with paralysis, the fact 
being that, during this time, the mental force, which 
might have run in the direction of science, was diverted , 
into other directions. I 

The course of investigation, as regards light, was I 
reauniecl in 1100 by an Arabian philosopher named 
-Alhazen. Then it was taken up in succession by 
Eoger Bacon, Vitellio, and Kepler, These men, though 
feiling to detect the principles which ruled the facts, 
tept the fire of investigation constantly burning. Then m 
came the fundamental discovery of Snell, that corner- i 
stone of optica, as I have already called it, and i 
mediately afterwards we have the application, byj 
Descartes, of Snell's discovery to the explanation of.l 
tie rainbow. Following this we have the overthrow^f 
by Rcemer, of the notion of Descartes, that light waS'l 
transmitted instantaneously through si>ace. Theafl 
came Newton's crowning experiments on the analysis 
and synthesis of white light, by which it was proved to 
be compounded of various kinds of bght of different 
degrees of refrangibility. 

Up to his demonstration of the composition of 
white light, Newtoo had been everywhere triumphant 
— triumphant in the heavens, triumphant on the earth, 
and his subsequent experimental work is, for the most 
part, of immortal value. But infallibility is not an 
attribute of man, and, soon after his discovery of the 
nature of white light, Newton proved himself human. 
He supposed that refraction and chromatic dispersion I 

t M 
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went hand in hand, and that you could not abolish the 
one without at the same time abolishing the other. 
Here Dollond corrected him. 

But Newton committed a graver error than this. 
Science, as I sought to make clear to you in our 
second lecture, is only in part a thing of the senses. 
The roots of phenomena are embedded in a region be- 
yond the reach of the senses, and less than the root 
of the matter will never satisfy the scientific mind. 
We find, accordingly, in this career of optics the 
greatest minds constantly yearning to break the bounds 
of the senses, and to trace phenomena to their subsensible 
foundation. Thus impelled, they entered the region of 
theory, and here Newton, though drawn from time to 
time towards truth, was drawn still more strongly to- 
wards error ; and he made error his substantial choice. 
His experiments are imperishable, but his theory has 
passed away. For a century it stood like a dam across 
the course of discovery ; but, as with all barriers that rest 
upon authority, and not upon truth, the pressure from 
behind increased, and eventually swept the barrier 
away. 

In 1808 Malus, looking through Iceland spar at 
the sun, reflected from the window of the Luxembourg 
Palace in Paris, discovered the polarization of light 
by reflection. As stated at the time, this discovery 
ushered in the darkest hour in the fortunes of the 
wave theory. But the darkness did not continue. In 
1811 Arago discovered the splendid chromatic pheno- 
mena which we have had illustrated by the deport- 
ment of plates of gypsum in polarized light ; he also 
discovered the rotation of the plane of polarization 
by quartz-crystals. In 1813 Seebeck discovered the 
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polarization of light by tourmaline. That same year 
Brewster discovered those magnificent bands of colour 
that surround the axes of biaxal crystals. In 1814 
Wollaston discovered the rings of Iceland spar. All 
these effects, which, without a theoretic clue, would 
leave the human mind iu a jungle of phenomena with- 
out harmony or relation, were organically connected by 
the theory of undulation. 

The wave theory was applied and verified iu all 
directions. Airy being especially conspicuous for the 
severity and conclusiveness of his proofs. A most 
remarkable verification fell to the lot of the late Sii 
William Hamilton, of Dublin, who, taking up the 
theory where Fresnel had left it, arrived at the conclu- 
sion that at fom' special points of the ' wave-suriace ' 
in double-refracting crystals, the ray was divided, not 
into two parts but into an infinite number of parts ; 
forming at these points a continuous conical envelope 
instead of two images. No human eye had ever seen 
this envelope when Sir William Hamilton inferred its 
■existence. He asked Dr. Lloyd to test experimentally 
the truth of his theoretic conclusion. Lloyd, taking a 
-crystal of arragonite, and following with the most scru- 
pulous exactness the indications of theory, cutting the 
crystal where theory said it ought to he cut, observing 
it where theory said it ought to he observed, discovered 
the luminous envelope which had previously been a 
mere idea in the mind of the mathematician. 

Nevertheless this great theory of undulation, like 
■many another truth, which in the long run has proved 
a blessing to humanity, had to estabhsh, by hot conflict, 
its right to existence. Iliustrious names were arrayed 
.against it. It had been enunciated by Hooke, it bail 
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been expounded and applied by Huyghens, it had been 
defended by Euler. But they made no impression* 
And, indeed, the theory in their hands lacked the 
strength of a demonstration. It first took the form of 
a demonstrated verity in the hands of Thomas Yoiing» 
He brought the waves of light to bear upon each other, 
causing them to support each other, and to extinguish 
each other at will. From their mutual actions he de- 
termined their lengths, and applied his knowledge in 
all directions. He finally showed that the difficulty of 
polarization yielded to the grasp of theory. 

After him came Fresnel, whose transcendent mathe- 
matical abilities enabled him to give the theory a gene- 
rality unattained by Young. He seized it in its 
entirety ; followed the ether into the hearts of crystals 
of the most complicated structure, and into bodies sub- 
jected to strain and pressure. He showed that the 
facts discovered by Mains, Arago, Brewster, and Biot 
were so many ganglia, so to speak, of his theoretic 
organism, deriving from it sustenance and explanation. 
With a mind too strong for the body with which it was 
associated, that body became a wreck long before it had 
become old, and Fresnel died, leaving, however, behind 
him a name immortal in the annals of science. 

One word more I should like to say regarding 
Fresnel. There are things better even than science. 
Character is higher than Intellect, but it is especially 
pleasant to those who wish to think well of human 
nature when high intellect and upright characternf 
found combined. They were combined in this youn 
Frenchman. In those hot conflicts of the undulator 
theory, he stood forth as a man of integrity, claimin 
no more than his right, and ready to concede the 
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s to others. He at once recognized and acknow- 

^d the merits of Thomas Young. Indeed, it was 

* ^nd his fellow-countryman Arago, who first startJed 

^^Srland into the consciousness of the injustice done to 

^^^^Hig in the 'Edinburgh Review.' 

_^ X should like to read to you a brief extract from a 

^j^^^r written by Fresnel to Young in 1824, as it 
^^^^ws a pleasant light upon the character of the 
. *^nch philosopher. ' For a long time,' says Fresnel, 
^■iat sensibility, or that vanity, which people call love 
r~^ glory has been much blunted in me. I labour 
^^*-"*acL less to catch the suffrages of the public, than to 

f^**tain that inward approval which has always been 
^**« sweetest reward of my efforts. Without doubt, in 
"^^^cments of disgust and diaeouragement, I have often 
I '•Ceded the spur of vanity to excite me to pursue my 
I *^earches. But all the compliments I have received 
^om Arago, De la Place, and Biot never gave me so 
*fauch pleasure as the discovery of a theoretic truth or 
f "Mie confirmation of a calculation by experiment.' 

^B This, then, is the core of tie whole matter as regards 

V"Seience. It must be cnltivated for its own sake, for the 

[_ pure love of truth, rather than for the applause or profit 

that it brings. And now my occupation in America is 

well-nigh gone. Still I will bespeak your tolerance for 

a. few concluding remarks, in reference to the men who 

k have bequeathed to us the vast body of knowledge of 

^ which I have sought to give you some faint idea in 

?l these lectures. What was the motive that spurred 

yl them on ? What urged them to those battles and 

? 1 those victories over reticent Nature, which have become 

r ■ the heritage of the human race ? It is never to be 
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forgotten that not one of those great invf 
from Aristotle down to Stokes and KirchhoEF, Lad any 
practical end in view, according to the ordinary defini- 
nition of the word 'practical.' They did not propose to 
themselves money as an end, and knowledge as a meiaB 
of obtaining it. For the most part, they nobly re- 
versed this process, made knowledge their end, and 
such money as they possessed the means of obtaining it. 
We see to-day the is sues of their work in a thousand 
practical forms, and this may be thought sufficient to 
justify, if not ennoble, their efforts. But they did not 
work for such issues ; their reward was of a totally dif- 
ferent kind. In what way different ? We love clothsB, 
we love luxuries, we love fine equijiages, we love money, 
and any man who can point to these as the result of 
his efforts in life, justifies these results before all the 
world. In America and England, more especially, he 
is a ' practical ' man. But I would appeal confidently to 
this assembly whether such things exhaust the demanda 
of human nature ? The very presence here for six incle- 
ment nights of this great audience, embodying so muet 
of the mental force and refinement of this vast city,' is 
an answer to my question. I need not tell such an 
assembly that there are joys of the intellect as well as 
joys of tlie body, or that these pleasures of the spirit 
constituted the reward of our great investigators. Led 
on by the whisperings of natural truth, through pain 
and self-denial, they often pursued their work. With 
the ruHng passion strong in death, some of them, wfaen 
no longer able to hold a pen, dictated to their friends 

> Sew York : for more than a decade no hucIi weather lisd bem 
eiperienced. The snow was bo deep that the ordicaiy meam "^ 
locomoticm were tor a time suapecded. 
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the last results of their labours, and then rested from 
them for ever. 

Could we have seen these men at work, without any 
knowledge of the consequences of their work, what 
shonld we have thought of them ? To the uninitiated, 
IE their day, they might often appear as big children 
playing with soap-bubblea and other trifles. It is 
80 to this hour. Could you watch the true investi- 
gator — your Henry or your Draper, for example — in 
his laboratory, unless animated by his spirit, you could 
liardly understand what keeps him there. Many of 
the objects which rivet his attention might appear to 
yon utterly trivial ; and if you were to ask him 
»hat is the use of his work, the chances are that 
you would confound him. He might not be able 
to express the use of it in intelligible terras. He 
might not be able to assure you that it will put a 
dollar into the pocket of any human being, present or 
to come. That scientific discovery ma^ put not only 
dollars into the pockets of individuals, but millions into 
the exchequers of nations, the history of science amply 
proves ; but the hope of its doing so never was, and it 
never can be, the motive power of the investigator. 

I know that some risk is run in speaking thus before 
practical men. I know what De Toequeville says of 
you. * The man of the North,' he says, ' has not only 
eqwrience, but knowledge. He, however, does not 
care for science as a pleasure, and only embraces it 
witJi avidity when it leads to useful applications,' But 
what, I would ask, are the hopep of useful applications 
which have caused you so many times to fill this place, 
in spite of snow-drifts and biting cold ? What, I may 
aak, is the origin of that kindness which drew me &om 
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my work in London to address you here, and which, if 
I permitted it, would send me home a millionaire? Not 
because I had taught you to make a single cent by 
science am I here to-night, but because I tried to the 
best of my ability to present science to the world uski 
intellectual good. Surely no two terms were ever ao 
distorted and misapplied with reference to man, inhia 
higher relations, aa these terms useful and practical 
Let US expand our definitions until they embrace all 
the needs of man, his highest intellectual needs 
inclusive. It is specially on this ground of its 
administering to the higher needs of the intellect ; it 
is mainly because 1 believe it to be wholesome, not 
only as a source of knowledge but as a means of 
discipline, that I urge the claims of science upon your 
attention. 

But with reference to material needs and joys, surely 
pure science has also a word to say. People sometimes 
speak as if steam had not been studied before Jamea 
Waft, or electricity before Wheatstone and Morae; 
whereas, in point of fact, Watt and Wheatstone aa^ 
Morse, with all their practicality, were the mere out- 
come of antecedent forces, which acted without refer-* 
ence to practical ends. This also, I think, merits 
moment's attention. You are delighted, and with gooda 
reason, with your electric telegraphs, proud of yonT 
steam-engines and your factories, and charmed with- 
the productions of photogmphy. You see daily, with, 
just elation, the creation of new forms of industry- 
new powers of adding to the wealth and comfort ol 
society. Industrial England is heaving with forced 
tending to this end ; and the pulse of industry beatrf 
still stronger in the United States, And yet, whei 
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i^ed, what are industrial America and iDduEtrial 
England ? 

If you can tolerate freedom of speech ou my part, 
I will answer this question by an illnstration. Strip a 
strong arm, and regard the knotted museles when the 
hand is clenched and the arm bent. Is this exhibition 
of energy the work of the louscle alone ? By no means. 
The muscle is the channel of an influence, without 
■which it would be as powerless as a lump of plastic 
^ngh. It is the delicate unseen nerve that unlocks 
the power of the muscle. And without those filaments 
«if genius, which have been shot like nerves through the 
iioiy of society by the original discoverer, industrial 
merica, and industrial England, would be very much 
fa the condition of that plastic dough. 

At the present time there is a cry in England for 

lecbnical education, and it is a cry in which the most 

mmonplace intellect can join, its necessity is so 

rious. But there is no such cry for original investi- 

Still, without this, as sm-ely as the stream 

indlea when the spring dies, so surely will ' technical 
iducation ' lose all force of growth, all power of repro- 
tuction. Our great investigators have given us 
[efficient work for a time ; but if their spirit die out, 
Fe shall find ourselves eventually in the condition of 
hose Chinese mentioned by De Tocqueville, who, 
laving forgotten the scientific origin of what they 
lid, were at length compelled to copy without varia- 

i the inventions of an ancestry wiser than them- 
dtves, who had drawn their inspiration direct from 
Iffttare. 

Both England and America have reason to bear 
those things in mind, for the largeness and nearness of 



material results are only too likely to cause botlv 
countries to forget the small spiritual beginnings of 
t-uch results, in the mind of the scientific discoverer. 
You multiply, but be creates, And if you starve him, 
or otherwise kill him — nay, if you fail to secure for 
him iree scope and encouragement^ you not only lose 
the motive power of intellectual progress, but infalKbly 
sever yourselves from the springs of industrial life. 

What has been said of technical operations holds 
equally good for education, for here also the original 
investigator constitutes the fountain-head of know- 
ledge. It belongs to the teacher to give this knowledge 
the requisite form ; an honourable and often a diEEcnlt 
task. But it is a task which receives its final sanctifi- 
cation, when the teacher himself honestly tries to add 
a rill to the great stream of scientific discovery. 
Indeed, it may be doubted whether the real life of 
science can be fully felt and communicated by the nan 
who has not himself been taught by direct communion 
with Nature, We may, it is true, have good and in- 
structive lectures from men of ablHty, the whole of 
whose knowledge is second-hand, just as we may have 
good and instructive sermons from intellectually able 
and unregenerate men. But for that power of science, 
H which corresponds to what the Puritan fathers woulo- 

■ call experimental religion in the heart, you 

H ascend to the original investigator. 

H To keep society as regards science in healthy play"' 

H three classes of workers are necessary : Firstly, thf 

H investigator of natural truth, whose vocation it is 

H pursue that truth, and extend the field of discovery fc 

^ft the truth's own sake and without reference to practical 
^H ends. Secondly, the teacher of natural truth, whi 



vocation it is to give public diffusion to the knowledge 
already won by tbe discoverer. Thirdly, the applier 
of natural truth, whose vocation it is to make scientific 
knowledge available for the needs, comforts, and 
luniries of civilized life. These three classes ought 
to co-esist and interact. Now, the popular notion of 
science, both in this country and in England, often 
relates not to science strictly so called, but to the 
applications of science. Such applications, especially 
on this continent, are so astounding — they spread 
themselves so largely and umbrageously before the 
public eye — that they often shut out from view those 
workers who are engaged in the quieter and profounder 
business of original investigation. 

Take the electric telegraph as an example, which 
has been repeatedly forced upon my attention of late. 
I am not here to attenuate in the shghtest degree the 
services of those who, in England and America, have 
given the telegraph a form so wonderfully fitted for 
public use. They earned a great reward, and they 
liave received it. But 1 should be untrue to you and 
to myself if I failed to tell you that, however high in 
particular respects their claims and qualities may be, 
your practical men did not diBcover the electric tele- 
graph. The discovery of the electric telegraph implies 
the discovery of electricity itself, and the development 
of its laws and phenomena. Such discoveries are not 
made by practical men, and they never will be made 
by them, because their minds are beset by ideas which, 
though of the highest value from one point of view, are 
Hot those which stimulate the original discoverer. 

The ancients discovered the electricity of amber; 
ajid Gilbert, in the year 1600, extended the discovery 
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to other bodies. Then followed Boyle, Von Guerieke, 
Gray, Canton, "Du Fay, Kleist, CunEeuB, and your own 
Franklin. But their form of electricity, though tried, 
did not come into use for telegraphic purposes. Then 
appeared the great Italian Volta, who discovered the 
source of electricity which bears Me name, and applied 
the most profound insight, and the most deHcate ex- 
perimental skill to its development. Then arose the 
man who added to the powers of his intellect all the 
graces of the human heart, Michael Faraday, the dis- 
coverer of the great domain of magneto-electricity. 
(Ersted discovered the deflection of the magnetic 
needle, and Arago and Sturgeon the magnetization of 
iron by the electric current. The voltaic circuit finally 
found its theoretic Newton in Ohm ; while Henry, of 
Princeton, who had the sagacity to recognize the merits 
of Ohm while they were still decried in hia own 
country, was at this time in the van of experiments 
inquiry. 

In the works of these men you have all the 
materials employed at this hour, in all the forms of 
the electric telegraph. Nay, more; Gauss, the illus- 
trious astronomer, and Weber, the illustrious natural 
philosopher, both professors in the University of 
Gottingen, wishing to establish a rapid mode of com- 
munication between the observatory and the physical 
cabinet of the university, did this by means of an 
^t electric telegraph. Thus, before your practical men 

^^B appeared upon the scene, the force had been discovered, 
^^1 its laws investigated and made sure, the most complete 
^^H mastery of its phenomena bad been attained — nay, its 
^^H .applicability to telegraphic purposes demonstrated — by 
^^^k -ZDeo whose sole reward for their labours was the noble 
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excitement of research, and the joy attendant on tlie 
discovery of natui'al troth. 

Are we to ignore all this ? We do bo at our peril. 
For I say again that, behind all our practical appli- 
cations, there Is a region of intellectual action to which 
practical men have rarely contributed, but from which 
they draw all their suppliea. Cut them off from this 
region, and they become eventually helpless. In no 
case is the adage truer, ' Other men laboured, hut ye 
are entered into their labours,' than in the case of the 
discoverer and applier of natural truth. But now a word 
on the other side. While practical men are not the 
men to make the necessary antecedent discoveries, the 
s are rare, though, in our day, not absent, in which 
Ltbe discoverer knows how to turn his labours to practi- 
|i*al account. Different qualities of mind and habits of 
1 thought are usually needed in the two cases; and 
• ■while I wish to give emphatic utterance to the claims 
lof those whose position, owing to the simple fact of 
■ their intellectual elevation, is often misunderstood, I 
^.m not here to exalt the one class of workers at the 
E«xpense of the other. They are the necessary comple- 
^Xoents of each other. But remember that one class is 
be taken care of. All the material rewards of 
Lsociety are already within their reach, while that same 
caety habitually ascribes to them intellectual achieve- 
lents which were never theirs. This cannot but act 
D the detriment of those studies out of which, not only 
■ knowledge of nature, but onr present industrial 
rt* themselves, have sprung, and from which the rising 
genius of the country is incessantly tempted away. 

Pasteur, one of the most illustrious members of the 
Institute of France, in accounting for the disastrous 
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overthrow of his country, and the predominance of 
G-ermany in the late war, expresses himself thus : ' Few- 
persons comprehend the real origin of the marvels of 
industry and the wealth of nations. I need no further 
proof of this than the employment, more and more fre- 
quent, in official language, and in writings of all sorts, 
of the erroneous expression applied science. The 
ahandonment of scientific careers by men capable of 
pursuing them with distinction, was recently deplored 
in the presence of a minister of the greatest talent. 
The statesman endeavoured to show that we ought not 
to he surprised at this result, because in our day the 
reign of theoretic science yielded place to that of ap- 
plied science. Nothing could be more erroneous than 
this opinion, nothing, I venture to say, more dangerous, 
even to practical life, than the consequences which 
might flow from these words. They have rested in my 
mind as a proof of the imperious necessity of reform in 
our superior eduation. There exists no category of the 
sciences, to which the name of applied science could 
be rightly given. We Iiave science, wnd the a/ppU' 
cations of science, which are united together as the 
tree and its fruit.' 

And Cuvier, the great comparative anatomist, writes 
thus upon the same theme: 'These grand practical 
innovations are the mere applications of truths of a 
higher order, not sought with a practical intent, but 
pursued for their own sake, and solely through an 
ardour for knowledge. Those who applied them could 
not have discovered them; but those whodiscovered them 
had no inclination to pursue them to a practical end, 
Engaged in the high regions whither their thoughts 
had carried them, they hardly perceived these practical 
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issues though bom of their own deeds. These rising 
■workshops, these peopled colonies, those ships which 
■furrow the seas— this abundance, this luxury, this 
tumult — all this comes from discoveries in science, and 
it all remains strange to the discoverers. At the point 
■where science merges into practice they abandon it ; 
it concerns them no more.' 

When the Pilgrim Fathers landed at Plymouth 
Eoek, and when Penn made his treaty with the Indians, 
the new-comers had to build their houses, to culti- 
vate the earth, and to take care of their souls. In 
Buch a commtmity science, in its more abstract forms, 
was not to be thotight of. And at the present hour, 
when your hardy Western pioneers stand face to 
face with stubborn Nature, piercing the mounUiins 
and subduing the forest and the prairie, the pur- 
suit of science, for its own sake, is not to be ex- 
pected. The first need of man is food and shelter; 
but a vast portion of this continent is already raised 
fer beyond this need. The gentlemen of New York, 
Brooklyn, Boston, Philadelphia, Baltimore, and Wash- 
ington have already built their houses, and very 
beautiful they are ; they have also secured their 
dinners, to the excellence of which I can also bear 
testimony. They have, in fact, reached that precise 
condition of well-being and independence when a 
culture, as high as humanity has yet reached, may be 
justly demanded at their hands. They have reached 
that maturity, as possessors of wealth and leisure, 
when the investigator of natural truth, for the truth's 
own sake, ought to find among them promoters and 
protectors. 

Among the many problems before them they have 
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this to solve, whether a republic is able to foster ih 
highest forms of genius. You are familiar with th- 
writings of De Tocqueville, and must be aware a^^^ 
the intense sympathy which he felt for your institi 
tions; and this sympathy is all the more valuable froi 
the philosophic candour with which he points out n( 
only your merits, but your defects and dangers. No' 
if I come here to speak of science in America in a 
critical and captious spirit, an invisible radiation fror "a 

my words and manner will enable you to find me on i^, 

and will guide your treatment of me to-night. But if 
I in no unfriendly spirit — in a spirit, indeed, the rever ^3e 
of unfriendly — venture to repeat before you what tt»- is 
great historian and analyst of democratic institutio "ans 
said of America, I am persuaded that you will hear nmne 
out. He wrote some three and twenty years ago, ar=B-d, 
perhaps, would not write the same to-day; but it \^"iU 
do nobody any harm to have his words repeated, and^ if 
necessary, laid to heart. 

In a work published in 1850, De Tocqueville says: 
* It must be confessed that, among the civilized peof>les 
of our age, there are few in which the highest sciea <^e3 
have made so little progress as in the United State s*' ' 
He declares his conviction that, had you been alon^ in 
the universe, you would soon have discovered that you 
cannot long make progress in practical science without 
cultivating theoretic science at the same time. Btit? 
according to De Tocqueville, you are not thus aloiie» 
He refuses to separate America from its ancestral home; 

* * II f aut reconnaltre que parmi les penples civilises de nos jouw 
il en est peu chez qui les hautes sciences aient fait moins de progi^ 
qu'aux 6tats-Unis, on qui aient foumi moing de grands artistes, de 
poetes iUustres et de c616bres 6crivains.* (Be la Dhnoorati^ ^* 
AmSriquc, etc. tome ii. p. 36.) 
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and it is there, he contends, that you collect the 
treasures of the intellect, without taking the trouble to 
create them. 

De Tocqueville evidently doubts the capacity of a 
democracy to foster genins as it was fostered in the 
ancient aristocracies. ' The future,' he says, ' will 
prove whether the passion for profound knowledge, so 
rare and so fruitful, can be bom and developed as 
readily in democratic societies as in aristocracies. For 
my part,' he continues, ' I can hardly believe it.' He 
speaks of the unquiet feverishness of democratic com- 
munities, not in times of great excitement, for such 
times may give an extraordinary impetus to ideas, 
hut in times of peace. There is then, he says, ' a small 
and uncomfortable agitation, a sort of incessant attri- 
tion of man against man, which troubles and distracts 
the mind without imparting to it either loftiness or 
animation.' It rests with you to prove whether these 
things are necessarily so — whether scientific genius 
cannot find, in the midst of you, a tranquil home, 

I should be loth to gainsay so keen an observer and 
so profound a political writer, but, since my arrival in 
this country, I have been unable to see anything in the 
constitution of society, to prevent a student, with the 
root of the matter in him, from bestowing the most 
steadfast devotion on pure science. If great scientific 
results are not achieved in America, it is not to the small 
agitations of society that I should be disposed to ascribe 
the defect, but to the fact that the men among you who 
possess the endowments necessary for profound scientific 
inquiry, are laden with duties of administration, or 
tuition, so heavy as to be utterly incompatible with 
the continuous and tranquil meditation which original 
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investigation demands. It may well be asked whether 
Henry would have been transformed into an adminia- 
trator, or whether Draper would have forsaken science 
to write history, if the original investigator had been 
honoured as he ought to be in this land. I hardly 
think they would. Still I do not imagine this state of 
things likely to last. In America there is a willingness 
on the part of individuals to devote their fortunes, in 
the matter of education, to the service of the common- 
wealth, which is probably without a parallel elsewhere j 
and this willingness requires but wise direction to en- 
able you effectually to wipe away the reproach of De 
Tocqueville. 

Your most difficult problem will be, not to bnild 
institutions, but to discover men. You may erect 
laboratories and endow them ; you may furnish them 
with all the appHances needed for inquiry ; in ao doing 
you are but creating opportunity for the exercise of 
powers which come from sources entirely beyond your 
reach. You cannot create genius by biddinfj for it. In 
bibhcal language, it is the gift of God ; and the most 
you could do, were your wealth, and youi- willingness 
to apply it, a million-fold what they are, would be to 
make sure that this glorious plant shall have the free- 
dom, light, and warmth necessary for its development. 
We see from time to time a noble tree dragged down 
by parasitic runners. These the gardener can remove, 
though the vital force of the tree itself may lie beyond 
him : and so, in many a case you men of wealth can 
liberate genius from the hampering toils which the 
struggle for existence often casts around it. 

Drawn by your kindness, I have come here to give 
these lectures, and now that my visit to America has 
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Hjecome almost a thing of the past, I look back upon 
I a memory without a single stain. No lecturer was 
rewai'ded as I have been. From this vantage- 
round, however, let me remind you that the work of 
thft lecturer is not tbe highest work; that in science, 
the lecturer is usually the distributor of intellectual 
wealth amasBed by better men. And though lecturing 
and teaching, in moderation, will in general promote 
their moral health, it is not solely or even chiefly, as 
lecturers, but as investigators, that your highest men 
ought to he employed. You have scientific genius 
amongst you — not sown broadcast, believe me, it is sown 
thus nowhere — but still scattered here and there. Take 
all unnecessary impediments out of its way. Keep your 
sympathetic eye upon the originator of knowledge. 
Give him the freedom necessary for his researches, not 
overloading him, either with the duties of tuition or 
of administration, nor demanding from him so-called 
practical results — above all things, avoiding that 
question which ignorance so often addresses to genius : 
'What is the use of your work?' l^t him make 
truth his object, however unpractical for the time being 
it may appear. If you cast your bread thus upon the 
waters, be assured it will return to you, though it may 
fbe after many days. 
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'on the spectra of polaeized light. ' 

Mr. William Spottiswoode introduced some years 
ago to the members of the Royal Institution, in a very 
striking form, a series of experiments on the spectra of 
polarized hght. With his large Nicol prisms he in 
the first place repeated and explained the experiments 
of Foucault and Fizeau, and subsequently enriched the 
subject by very beautiful additions of his own, I here 
append a portion of the abstract of his discourse : — 

' It ia well luiown that if n, plate of seleaite sufficiently 
thin be placed between two Nicol's prisms, or, more techni- 
cally speating, between a polarizer and analyzer, colour will 
be produced. And the question proposed is, What is the 
nature of that colour 1 is it simply a pure colour of the spec- 
trum, or is it a compound, and if so, wliat are its component 
parts? The answer given bythewave theory in in brief this : 
In its passage through the selenite plate the i-ays have been 
so separated in the direction of their vibrations and in the 
velocity of theii" transmission, that, when re-compounded by 
means of the analyzer, tliey have in some instances neuti-alized 
one another. If tliis be the case, the fact ought to be visiblR 
■when the beam emerging from the analyzer is dispersed I y 
the prism ; for then we have the rays of all the different 
colours ranged side by side, and, if any be wanting, tbeir 
■' et% ~ 
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absence will be shown by the appenrance of a dark band ia 
their place in the spectrum. But not only 8o ; the apecttum. 
ought also to give an account of the other pheuomena ex- 
hibited by the selenite when the analyaer is turned round, 
viz. that when the angle of turning amoimts to 45", all trace 
of colour disappears j and also that when the angle amoants 
to 90°, colour reappeara, not, however, the original colour, but 
one complementary to it. 

'You see in the spectrum of the reddish light produced by 
the selenite a broad but dark band in the blue ; when the 
analyzer is turned round the band becomes less and less dark, 
until when the angle of turning amounts to 45^ithHa entirely 
At this stage each part of the spectrum baa 
proportional intensity, and the whole produces the 
n image seen without the spectroscope. Lastly, as 
the turning of the analyzer is continued, a dark hand appears 
in the ted, the part of the spectrum complementary to that 
occupied by the 6rst b^nd ; and the darkness is most complete 
when the turning amounts to 90°. Thus we have from the 
spectroscope a complete account of what has taken place to 
produce the original colour and its changes. 

' It is further well known that the colour produced by a 
selenite, or other crystal plate, is dependent upon the thioknesa 
of the plate. And, in iact, if a series of plates be taken, 
giving different colours, their spectra are found to show bands 
arranged in different positions. The thinner plates show 
1 the parts of the spectrum nearest to the violet, 
le waves are shorter, and consequently give rise to 
redder colours ; while the thicker show bands nearer to tJw 
red, where the waves are longer and consequently supply 
bluer tints. 

' When the thickness of the plate is continually increased, 
80 that the colour produced has gone through the complete 
cycle of the spectrum, a further increase of thickness causes 
a i«production of the colours in the same order ; but it will 
be noticed that at eacli recurrence oE the cycle the tints 




become paler, until when a. number of cycles 
performed, and the thickness of the plate is considerable, all 
trace of colour is lost. Let us now take a series of platea, 
the first two of which, as you see, give colours ; with the 
others which ave successively of greater thickness the tints 
are so feeble that they can scarcely he distinguished. The 
spectrum of the first shows a single band ; that of the 
second, two; showing that the seeonii series of tints ia not 
identical with the first, but that it ia produced by the ex- 
tinction of two colours from the components of white light. 
The spectra of the others show series of bands more and 
more numerous in proportion to the thickness of the plate, 
an array which may be increased indefinitely. The total 
light, then, of which the spectrum is deprived by the thicker 
plates is taken from a greater number of its parts ; ov, ia 
other words, the light which still remaina ia distributed mora 
and more evenly over the spectrum ; and in the same pro- 
portion the sum total of it approaches more and more nearly 
to white light. 

' These experiments were made more than thirty years 
ago by the French philosopbera, MM. Foacault and Fizeau. 

' If instead of selenite, Iceland spar, or other ordinary 
crystals, we use plates of quartz cut perpendicularly to the 
axia, and turn the analyzer round as before, the light, instead 
of exhibiting only one colour and its complementary with 
an intermediate stage in which colour is absent, cbangea 
oontinuously in tint ; and the order of the colour depends 
partly upon the direction in which the analyzer is turned, 
and partly upon the character of the crystal, j'.p. whether it 
ia right-handed or left-hiinded. If we examiiie the spectrum 
in this case we find that the dark band never disappears, 
but nmi'ches irom one end of the spectrnm to another, or 
viee versd, precisely in such a direction as to give rise to' 
the tints seen by dii-eot projection, 

' The Idnd of polarization efiecteJ by the quartz plates i«" 
Ued circular, while that effected by tha other cUss of 
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crystale is called plane, on account of the form of t 
tiona executed by the molecules of rether ; and this 1 
to examine a little more closely the nature of the polarization 
of different parts of these spectra of polarized light. 

' Now, two things are clear; first, that if the light be plane- 
polarized — that is, if all the vibrations throughout the entire 
ray are I'cctiiinear and in one plane — they must in all their 
bearings have reference to a particular direction in space, so 
that they will be differently affected by different positiona of 
the analyzer. Secondly, that if the vibrations be circular, th^ 
will be affected in precisely the same way (whatever that may 
be) in all positions of the analyzer. This statement merely 
recapitnlates a fundamental point in polarization. In &ct, 
plane-polarized light is alternately transmitted and extin- 
guished by the analyzer as it is turned through 90° ; while 
circularly polai-ized light [if we could get a single ray] remains 
to all appearance unchanged. And if we examine carefully 
the spectrum of light which has passed through a seleiiite, 
or other oi'dinary crystal, we ehaU find that, commencing with 
two consecutive bands in position, the parts occupied by tba 
bands and those midway between them are plane-polarized, 
for they become alternately dark and bright; while the in- 
termediate parts. I.e. the parts at one-fourth of the distance 
from one band to the next, remain permanently bright. 
These are, in fact, circularly polarized. But it would be in- 
correct to conclude from this experiment alone that such is 
really the case, because the same appearance would be seen 
if those parts were unpolarized, i.e. in the condition of ordi- 
nary lights. And on such a supposition we should conclude 
with equal justice that the parts on either side of the parts 
last mentioned l^e.y. the parts separated by eighth parts of 
the interval between two bands) were partially polarized. 
I But there is an instrument of very simple constniction, called 
" quarter-undulation plate," a plate usually of mica, whose 
I thickness is an odd multiple of a quarter of a n ave-length, 
F which enabies us to discriminate between light unpolarized 



and circularly polarized. The exact mechanical effect pro- 
duced upoii the i-ay could hardly be explained in detail 
within our present limits of time; but suffice it for the pre 
sent to say that, when placed in a proper position, the plate 
transforms ])lane into circular and circular into plane polari- 
zation. That being so, the parts which were originallj 
banded ought to remain bright, and those which originally 
remained bright ought to become banded during the rotation 
■of the analyzer. The general effect to the eye will conse- 
quently be a general shifting of the bauds through one-fourth 
of the spat^e which separates each pair. 

' Circular polarization, like circular motion generally, 
may of course be of two kinds, which differ only in the 
direction of the motion. And, in fact, to convert the circular 
polarization produced by this plate from one of these kinds 
to the other {say from right-handed to left-handed, or vice 
versd), we have only to turn the plate round through 90°. 
Conversely, right-handed circular polarization will be changed 
by the plate into plane-polarization in one direction, while 
left-handed will be changed into plane at right angles to the 
first. Hence if the plate be turned round through 90° we 
shall see that the bands are shifted in a direction opposite to 
that in which they wei-e moved at first. In this therefore 
we have evidence not only that the polarization immediately 
on either aide of a band is circular; but also that that immedi- 
ately on the one side is right-handed, while that immediately 
on the other is left-handed [']. 

' If time permitted, I might enter still further into detail, 
and show that the polarization between the plane and the 
circular is elliptical, and even the positions of the longer and 
shorter axes and the direction of motion in each case. But 
sufficient has, perhaps, been said for our present purpose. 

[' At these points the two rectangiilar yibrations into which the 
original polarized ray is resolved by the plates ot gypsimi, act upon 
each, other like the two rectangular impulHeB imparted to our pen- 
clulum in Lecture IT., one being given when the pendulum is at the 
limit ot its swing. Vibration is thoa converted into rotation.] 
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' Before proceeding to the more varied forms of spectral 
banda, which I hope presently to bring under your notice, 
I should like to ask your attention for a few minutes to the 
peculiar phenomena exhibited when two plates of selenite 
giving complementary colours are used. The appeai-ance of 
the spectrum varies with the relative position of the plates. 
If they are similarly placed — that is, as if they were one plat« 
of crystal — they will behave as a single plate, whose thiekness 
is the sam of the thicknesses of each, and will produce double 
the number of bands which one alone would give ; and when 
the analyzer is turned , the bands will disappear and re-appear 
in their complementary positions, as usual in the case of plane- 
polarization. If one of them be turned round thi-ough iS", a 
single band will be seen at a particular position in the spec- 
trum. This breata into two, which recede from one another 
towards the red and violet ends respe<!tively, or advance 
towards one another according to the direction in which the 
analyzer is turned. If the plate he turned through 45° in 
the opposite direction, the effectn will be reversed. The 
darkness of the bands is, however, not equally complete 
during their whole passage. Lastly, if one of the plates be 
turned through 90", no bands will be seen, and the spectrum 
will be alternately bright and dark, as if no plates were used, 
except only that the polarization is itself turned thi-ough 90°. 

' If a wedge-shaped crystal be used, the bimda, instead of 
being straight, wiU cross the spectrum diagonally, the direc- 
tion of the diagonal (dexter or sinister) being determined by 
the position of the thicker end of the wedge. If two similftr 
wedges be tised with their thickest ends together, they will 
act as a wedge whose angle and whose thickness is double of 
the first. If they be placed in the i-everse position they will 
act as a flat plate, and the bands will again cross the spectrum 
in straight lines at right angles to its length. 

' If a concave plate be used the banda will dispose them- 
selves in a fanlike ari-angement, their divergence depending 
upon the distance of the slit from the centre of concavity. 
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* If two i^uartz wedges, one of which has the optic axiia 
parallel to the edge of the refractory angle, and the other 
pei-pendicular to it, bat in one of the planes containing the 
angle (Babinet's Compensator), the appearances of the bands 



' The diagon&l bands, besides sometimes doubling them- 
selves as with ordinary wedges, Eometimes combine so aa to 
form longitadinal (instead of transverse) bands ; and some- 
times cross one another so as to form, a diaper pattern with 
bright compartments in a dark framework, and vice versd, 
according to the position of the plates. 

' The effects of different dispoaitionB of the interposed ciya- 
tala might be varied indefinitely ; bnt enough has perhaps 
been siid to show the delicacy of the method of spectrum 
analysis as applied to the pTatninaHn n of polarized light.^ 

The singular and beantiful e£Fect obtained with a 
circular plate of selenite, thin at the centre, and 
gradually thickeoing towards the circumference, is 
■ easily connected with a similar effect obtained with 
Newton's rings. I^et a thin slice of light fall upon the 
glasses which show the rings, so as to cover a narrow 
central vertical zone passing throngh them all. The 
image of this zone upon the screen is crossed by por- 
tions of the iris-rings. Subjecting the reflected beam 
to prismatic analysis, the resultant spectrum may be 
regarded as an indefinite number of images of the zone 
placed side by side. In the image before dispersion 
we Lave irU-rivffs, the extinction of the light being 
nowhere complete ; but when the different colours are 
separated by dispersion, each colour is crossed trans- 
versely by its own system of dark interference bands, 
which become gradually closer with the increasing 
refrangibility of the Ught. The complete spectrum. 
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therefore, appears furrowed by a system of continuous 
dark bands, crossing the colours transversely, and ap- 
proaching each other as they pass from red to blue. 

In the case of the plate of selenite, a slit is placed 
in front of the polarizer, and the film of selenite ie 
held close to the slit, so that the light passes through 
the central zone of the film. As in the case of New- 
ton's rings, the image of the zone is crossed by iris- 
coloured bands; but when subjected to prismatic dis- 
persion, the hght of the zone yields a spectrum furrowed 
by bands of complete darkness exactly as in the case of 
Newton's rings and for a similar reason. This is the 
beautiful effect described by Mr. Spottiswoode as the 
fanlike arrangement of the bands — the fan opening 
out at the red end of the spectrum. 
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MEASUREMENT OF THE WAVEH OF LIGHT. 

The difiraction fringes described in Lecture II., instead of 
being formed on the retina, may be formed on a screen, or 
upon ground glass, when they can be looked at thi-ough a 
magnifying lens from behind, or they can be observed in the 
air when the ground glass is removed. Instead of permit- 
ting them to form on the retina, we will suppose them formed 
on a scitea. ThLs places ns in a condition to understand, 
even without trigonometry, the solution of the important 
problem of measuring the length of a wave of light. 

We will suppose the screen so distant that the rays fall- 
ing upon it from the two margins of the slit are sensibly 
parallel. We have learned in Lecture II, that the first of 
the dark bunds corresponds to a difference of marginal path 
undulation ; the second dark band to a difference of 
path of two undulations; the third dark band to a differ- 
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ence of three undalations, ajid so on. Now the angular 
distance of the bands from the centre is capable of exact 
measurement; this distance depending, as already stated, 
on the width of the slit. With a sUt 1*35 millimeter wide,^ 
Schwerd found the angular distance of the first dark band 
from the centre of the field to be 1' 38'' ; the angular dis- 
tances of the second, third, fourth dark bands being twioe^ 
three times, four times this quantity. 

Let A By fig. 57, be the plate in which the slit is cut, 
and C D the grossly exaggerated width of the slit, with the 
beam of red light proceeding from it at the obliquity corre- 
sponding to the first dark band. Let faU a perpendicular 
from one edge, D, of the slit on the marginal ray of the 
other edge at d. The distance, C d, between the foot of this 
perpendicular and the other edge is the length of a wave of 

Fig. 57. 




the light. The angle C D c?, moreover, being equal to R C R', 
is, in the case now under consideration, 1' 38". From 
the centre D, with the width D C as radius, describe a semi- 
circle ; its radius D C being 1 -36 millimeter, the length of 
this semicircle is found by an easy calculation to be 4*248 
millimeters. The length C (i is so small that it sensibly 
ooincides with the arc of the circle. Hence the length of 
the semicircle is to the length d oi the wave as 180° to 

> The millimeter is about j^th of an inch. 
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1' 38", or, reducing all to seconds, as 648,000" to 98". Thus, 
we have the proportion — 

648,000 : 98 :: 4-248 to the wave-length C (£. 

Making the calculation, we find the wave-length for this 
particular kind of light to be 0*000643 of a millimeter, or 
0-000026 of an inch. 
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